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chapter  1

Scope of the thesis
General introduction

Aim and outline of the thesis

Parts of this chapter were adapted and modified from: 
Wijtske Annema, Uwe J.F. Tietge. Role of hepatic lipase and endothelial lipase 

in high-density lipoprotein-mediated reverse cholesterol transport. 
Current Atherosclerosis Reports 2011;13:257-265





General introduction

Scope of the thesis
Despite the widespread use of low-density lipoprotein (LDL)-lowering therapies, athero-
sclerotic cardiovascular disease (CVD) remains a leading cause of morbidity and mortal-
ity in developed countries. Treatment with statins (HMG-CoA reductase inhibitors), for 
example, only decreases the risk of major coronary events by 15% to 40% even though 
these drugs consistently and efficiently lower LDL cholesterol.1, 2 This substantial residual 
risk indicates a potential clinical benefit of novel therapeutic strategies that look beyond 
LDL and focus on high-density lipoproteins (HDL). Plasma HDL cholesterol levels are 
strongly inversely related to CVD risk independent of other CVD risk factors.3, 4 Results 
from the Framingham Offspring Study for example showed that raising HDL by 5 mg/dl 
could reduce the risk of cardiovascular events by 7-33%.5 However, the protective role of 
HDL in atherosclerosis is complex and appears to be multifactorial. Although a major part 
of this atheroprotective potential of HDL conceivably consists of its key role in reverse 
cholesterol transport (RCT),6 the mechanisms through which HDL protects against ath-
erosclerosis are still not fully understood. Nevertheless, despite strong data from large 
population studies, the inverse relationship between HDL cholesterol levels and CVD is 
inconsistent on the individual level. Quite a number of individuals do not develop CVD 
despite low HDL cholesterol levels and vice versa experience CVD events in the face of 
high HDL cholesterol levels. Moreover, the Investigation of Lipid Level Management to 
Understand its Impact in Atherosclerotic Events (ILLUMINATE) trial that compared the 
effects of the cholesteryl ester transfer protein (CETP) inhibitor torcetrapib in combina-
tion with atorvastatin to atorvastatin alone unexpectedly found excessive mortality in the 
combination therapy group, despite a 72% increase in HDL cholesterol levels.7 These data 
might have been related to off-target toxicity of the drug.7 However, more recently, also 
the phase III dal-OUTCOMES trial was stopped prematurely due to a lack of treatment 
benefit of another HDL-raising CETP inhibitor dalcetrapib, when added to standard drug 
therapy in patients with stable coronary heart disease.8 In addition, the Atherothrom-
bosis Intervention in Metabolic Syndrome with Low HDL/High Triglycerides Impact on 
Global Health Outcomes (AIM-HIGH) trail showed that raising low HDL cholesterol levels 
from 35 mg/dl to 42 mg/dl with extended-release niacin on top of simvastatin did not 
improve the rate of cardiovascular events among patients with established CVD.9 Overall 
such data led to the emerging concept that the function of HDL particles may be at least 
equally important as plasma HDL cholesterol mass levels. However, the contribution of 
HDL functionality to CVD risk is largely unknown. Therefore, the aim of this thesis was 
to provide more insight into the importance of HDL functionality for cardiovascular risk.

Introduction   

1.1 HDL structure and composition

HDL is a heterogenous class of lipoproteins defined by a high density relative to other 
lipoprotein subclasses (1.063 < d < 1.21 g/ml) with varying sizes ranging from 5 to 17 nm 
in diameter and composition. HDL originates as small discoidal-shaped particles generally 
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composed of two apolipoproteins, predominantly apoplipoprotein (apo)A-I, complexed 
with phospholipids and free cholesterol.10 However, most circulating HDL is spherically-
shaped. These larger mature HDL particles typically consist of a hydrophobic core of 
triglycerides and esterified cholesterol surrounded by a surface layer of apolipoproteins, 
phospholipids, and free cholesterol.10 The mature spherical HDL particles can be 
separated in large, lipid-rich HDL2 particles (1.063 < d < 1.125 g/ml) and small, protein-
rich HDL3 particles (1.125 < d <1.210 g/ml).11 In addition to shape, size, and density, HDL 
particles can also be divided in subpopulations on the basis of their electrophoretic 
mobility on agarose gels. Lipid-free/lipid-poor apoA-I and discoidal HDL migrate with 
pre-β mobility on agarose gels, whereas spherical HDL particles display α-migration.12 The 
main apolipoprotein in mature HDL particles is apoA-I, accounting for 70% of the total 
apolipoprotein content of HDL in humans.13 The second most abundant apolipoprotein 
in mature HDL is apoA-II. Based on the content of these two major apolipoproteins HDL 
can also be divided into 2 subclasses: (i) HDL particles that contain both apoA-I and 
apoA-II (LpA-I:A-II), and (ii) HDL particles that contain apoA-I molecules but no apoA-
II (LpA-I).14 In general, two thirds of total plasma HDL is LpAI:A-II and only one third is 
LpA-I.15 Other minor apolipoproteins found in HDL are apoA-IV, apoA-V, apoC-I, apoC-
II, apoC-III, apoC-IV, apoD, apoE, apoF, apoH, apoL-I, apoM, and apoO. However, HDL 
contains many additional proteins. The initiation of several proteomics studies of HDL 
has provided important insights in the complex cargo of HDL-associated proteins.16-19 

Amongst others HDL carries proteins involved in lipid metabolism, blood coagulation, 
immune responses, and inflammation pointing already towards the involvement of 
HDL particles in these respective biological processes. Table 1.1 gives an overview of 
the proteins identified in HDL thus far. On the individual level there may be substantial 
variation in the proteins carried in HDL. Thereby the specific HDL proteome could be key 
in determining the functionality of the particle. Alterations in the protein cargo of HDL 
may potentially transform the particles from anti-atherogenic into more pro-atherogenic. 
This view is supported by the observation that HDL isolated from healthy controls and 
patients with established coronary artery disease carries distinct protein cargoes and 
behaves differently in specific HDL functionality assays in vitro.17, 20-22 Moreover, lipid-
lowering therapy can modulate the protein content of HDL from patients with coronary 
artery disease, which results in an HDL proteome that closely resembles that of healthy 
controls.23 Besides numerous proteins, more recently, also endogenous microRNAs and a 
number of biologically active lipid components have been detected in HDL.24-27 

1.2 HDL biosynthesis

ApoA-I, the primary protein constituent of HDL, is synthesized and secreted by both 
the liver and intestine. Subsequently, apoA-I is lipidated with free cholesterol and 
phospholipids via interaction with the ATP-binding cassette transporter A1 (ABCA1) to 
form a disc-shaped nascent HDL particle that exhibits pre-β mobility on agarose gels 
(pre-β HDL).28 The essential requirement of ABCA1-mediated lipid efflux for maintenance 
of plasma HDL cholesterol concentrations is exemplified by a genetic disorder called 
Tangier disease, which is caused by homozygosity for loss-of-function mutations in the 
ABCA1 gene and characterized by the almost complete absence of plasma HDL as well as 
deposition of cholesterol in various tissues.29-31 
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Table 1.1. Proteins identified in HDL by proteomics studies.16-19

Function Proteins identified

Lipid and lipoprotein 
metabolism

ApoA-I, apoA-II, apoA-IV, apoA-V, apoC-I, apoC-II, apoC-III, apoC-IV, 
apoD, apoE, apoF, apoH, apoL-I, apoM, apoO, LCAT, LPL, CETP, PLTP

Acute phase 
response

SAA1, SAA2, SAA4, SAP, sPLA2, CRP, ceruloplasmin, haptoglobin, 
transferrin, α-1-acid glycoprotein 2, retinol binding protein

Anti-oxidation PON1, PON3, PAF-AH/Lp-PLA2, hemopexin, prenylcysteine oxidase
Immune system Macrophage stimulating factor 1, lymphocyte antigen, meningioma 

expressed antigen 5, HLA-A protein, NOTCH1, sialic acid binding Ig-
like lectin 5 (obesity-binding protein 2), C-type lectin super family 
member 1, Ig lambda chain C regions

Complement 
regulation

Complement component 1 inhibitor, complement C1q subcomponent 
subunit C, complement C1s subcomponent, complement C1s 
subcomponent subunit B, complement C2, complement component 
3, complement component C4A, complement component C4b, 
complement 5 precursor, complement component C9, complement 
factor B, H factor 1, vitronectin, apoJ (clusterin), ficolin-3

Proteinase inhibition Angiotensinogen, serin peptidase inhibitor (clade F, member 1), α-2-
antiplasmin, α-1B-glycoprotein, α-2-HS-glycoprotein, haptoglobin-
related protein, α-1-antitrypsin, bikunin (α-1-microglobulin), 
kininogen-1, α-1-antichymotrypsin, kallistatin, inter-α-trypsin 
inhibitor heavy chain H1, inter-α-trypsin inhibitor heavy chain H2, 
inter-α-trypsin inhibitor heavy chain H3, inter-α-trypsin inhibitor 
heavy chain H4

Coagulation Protrombin, antithrombin-III, plasma kallikrein B1, TFPI, α-2-
macroglobulin, heparin cofactor 2, plasma protease C1 inhibitor, 
fibrinogen

Growth factors, 
receptors, and 
hormone-binding 
proteins

Insulinoma-associated protein I A-6, transthyretin, latent transforming 
growth factor beta, LTBP-2, growth arrest-specific gene-6, ryanodine 
receptor 2, POU 5 domain protein, insulin-like growth factor-binding 
protein ALS

Others Vitamin D-binding protein, salivary α-amylase, pigment epithelium-
derived factor, lumican precursor, tetranectin

Apo, apolipoprotein; CETP, cholesteryl ester transfer protein; CRP, c-reactive protein; LCAT, lecithin:cholesterol 
acyltransferase; LPL, lipoprotein lipase; LTBP-2, latent-transforming growth factor beta-binding protein 2; 
PLTP, phospholipid transfer protein; PON, paraoxonase; PAF-AH/Lp-PLA2, acetyl-hydrolase platelet activation 
factor/lipoprotein phospholipase A2; SAA, serum amyloid A; SAP, serum amyloid P; sPLA2, group IIA secretory 
phospholipase A2; TFPI, tissue factor pathway inhibitor.

Cells from patients with Tangier disease show impaired mobilization of intracellular 
cholesterol and phospholipids by apoA-I.32, 33 Concordant with human Tangier disease, 
Abca1 knockout mice have virtually no circulating HDL.34, 35 In fact, defective initial 
lipidation of apoA-I in Abca1-deficient mice results in hypercatabolism of lipid-poor 
apoA-I by the kidney.36 Based on data from mice with tissue-specific inactivation of 
Abca1 it is estimated that 70-80% of the steady-state plasma pool of HDL cholesterol 
originates from the liver,37 whereas the intestinal ABCA1 accounts for approximately 30% 
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of circulating HDL in vivo.38 On the other hand, bone-marrow transplantation studies 
indicate that macrophage ABCA1 is not quantitatively important in maintaining plasma 
levels of HDL.39 Besides ABCA1-mediated HDL biogenesis, pre-β HDL can also be formed 
during lipolysis of triglyceride-rich lipoproteins by lipoprotein lipase.40 In this process, 
redundant surface components (free cholesterol and phospholipids) are released and 
transferred from triglyceride-rich lipoproteins to lipid-free or lipid-poor apoA-I.
Mature spherical-shaped α-HDL is formed from pre-β HDL by the action of 
lecithin:cholesterol acyltransferase (LCAT). LCAT is an enzyme that is preferentially 
bound to HDL in the plasma compartment.41 After activation by apoA-I, LCAT activity 
transfers 2 acyl groups of lecithin to free cholesterol generating esterified cholesterol 
and lysolecithin.42 The newly formed cholesteryl esters are apolar and move to the 
hydrophobic core of the particles, which converts discoidal HDL into larger spherical HDL 
particles. Moreover, this process also reduces the amount of unesterified cholesterol on 
the HDL surface, thereby establishing a continuous concentration gradient down which 
more free cholesterol can move into the HDL particle. In humans, carriers of mutations in 
both LCAT alleles, that lead to complete loss-of-function, present clinically with a very low 
plasma cholesteryl ester/unesterified cholesterol ratio and markedly decreased HDL as 
well as apoA-I levels, while pre-β HDL accumulates in plasma.43 Mice lacking LCAT activity 
show a similar phenotype.44 Mature HDL can acquire additional free cholesterol via the 
ABCG1 transporter and the scavenger receptor class B type I (SR-BI). 

1.3 HDL remodeling

In the plasma compartment HDL particles can be remodeled by several proteins such as 
CETP, phospholipid transfer protein (PLTP), lipases, and group IIA secretory phospholipase 
A2 (sPLA2).   

1.3.1 Cholesteryl ester transfer protein
CETP is a 74 kDa glycoprotein that mediates the transfer of cholesteryl esters from 
HDL to apoB-containing lipoproteins and vice versa the transfer of triglycerides from 
apoB-containing lipoproteins to HDL.45 This leads to the formation of smaller-sized HDL 
particles enriched in triglycerides but with a lower amount of cholesterol and apoA-I.46 
However, CETP is not present in all species. In contrast to, for example, humans, monkeys, 
rabbits, and hamsters, CETP is not expressed in mice and rats.47 This lack of CETP activity 
in mice and rats is accompanied by very high HDL levels. In turn, introduction of a CETP 
transgene in mice results in decreased levels of HDL cholesterol as well as apoA-I.48, 49 
On the other hand, CETP seems highly important for HDL metabolism in humans, since 
mutations that cause complete CETP deficiency result in markedly increased plasma 
HDL cholesterol concentrations.50, 51 Moreover, subjects with the D442G mutation in 
the CETP gene, which have only partial loss of plasma CETP activity, are characterized 
by moderately elevated HDL cholesterol.51 A systematic meta-analysis provided further 
evidence to support a role of CETP in human HDL metabolism by showing that the two 
most commonly studied polymorphisms in the CETP gene, i.e. Taq1B and I405V, were 
associated with significantly decreased CETP mass and higher HDL cholesterol levels.52 
Genome-wide association studies also showed that the CETP SNP rs3764261 significantly 
contributes to plasma HDL-cholesterol levels.53 This apparent relationship between low 
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CETP activity and high HDL has led to the development of CETP inhibitors as potential 
HDL-raising therapy. Although the results of the first large randomized clinical trials with 
the CETP inhibitors torcetrapib and dalcetrapib indicated that pharmacological inhibition 
of CETP successfully increases HDL cholesterol levels, no similar beneficial effects on 
cardiovascular outcomes have been found.7, 54   

1.3.2 Phospholipid transfer protein
PLTP can influence HDL metabolism through two different mechanisms: (i) PLTP facilitates 
the transfer of phospholipids from triglyceride-rich lipoproteins to HDL during lipoprotein 
lipase-mediated lipolysis; and (ii) PLTP is capable of fusing two intermediate size HDL 
particles resulting in the formation of larger HDL and the subsequent release of preβ-
HDL.55, 56 Pltp knockout mice show a 60-70% reduction in HDL cholesterol levels,57 which 
may be attributable to accelerated HDL catabolism.58 However overexpression of PLTP 
also negatively impacts HDL levels. Total plasma HDL cholesterol levels are decreased 
in human PLTP transgenic mice with a moderate decrease in PLTP activity.59 Similarly, an 
excessive increase in PLTP activity by means of adenovirus-mediated overexpression was 
associated with a more rapid clearance of HDL lipid from the circulation and consequently 
lower α-HDL concentrations.60 This decline in α-HDL was accompanied by a marked 
increase in pre-β HDL.60 The human relevance of these findings was supported by studies 
demonstrating that genetic variants in PLTP can affect HDL particle distribution. Vergeer 
et al. defined a PLTP gene score based on the number of PLTP-decreasing rs378114 G 
alleles and rs6065904 T alleles.61 Overall, an elevated PLTP gene score was associated 
with lower PLTP enzyme activity, an increased number of circulating HDL particles, and 
smaller HDL size.61 

1.3.3 Hepatic lipase
Other important proteins that modulate HDL metabolism are lipases such as hepatic 
lipase (HL). HL is a 65-kD glycoprotein synthesized and secreted primarily by hepatocytes 
and to a lesser extent by macrophages.62 HL hydrolyzes triglycerides and phospholipids in 
HDL, and thereby converts lipid-rich large HDL2 to smaller, more dense HDL3. Moreover, 
triglyceride-enrichment of HDL by CETP makes it a better substrate for HL.63 Mice 
lacking HL characteristically display increased plasma levels of larger, phospholipid- and 
triglyceride-enriched HDL.64 In turn, in mice 65, 66 and in rabbits,63, 67 overexpression of 
human HL resulted in a marked decrease in HDL cholesterol due to an increased catabolic 
rate. HL can also impact on HDL metabolism independent of its lipolytic properties, as 
HL anchored to cell surface proteoglycans has a bridging function promoting receptor-
mediated uptake of lipoproteins.62 Adenovirus-mediated overexpression of catalytically 
inactive HL in Hl knockout mice led to a reduction in plasma HDL levels, though to a 
lesser extent than observed in mice overexpressing similar levels of wild-type HL.66 HL 
deficiency in humans also results in elevated levels of larger more dense HDL particles, 
an enrichment of HDL with triglycerides, and hyperalphalipoproteinemia attributable to 
slower catabolism of apoA-I.68 Consistently, certain polymorphisms in the HL gene such 
as S267F, C-480T, and C-514T that result in lower HL expression and activity are firmly 
associated with higher plasma HDL cholesterol.69, 70 These combined data support a key 
role for HL as a negative regulator of plasma HDL levels.
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1.3.4 Endothelial lipase
Endothelial lipase (EL) is another lipase synthesized and secreted by endothelial cells. 
In addition, expression of EL has been detected in human placenta, thyroid gland, 
lung, liver, kidney, ovary, testis, and macrophages in vitro as well as in foam cells within 
human atherosclerotic plaques.71-73 EL is 41% homologous to HL, but possesses very little 
triglyceridase activity. EL has primarily sn-1-phospholipase activity toward all lipoprotein 
subclasses, however, the preferred substrate is apparently phospholipids within HDL.74 
In addition, EL mediates bridging between lipoproteins and cell surface heparin sulfate 
proteoglycans.75 Similar to HL, EL is a negative regulator of plasma HDL cholesterol levels. 
Adenovirus-mediated overexpression of EL resulted in a marked decrease in plasma HDL 
cholesterol and apoA-I levels due to a dose-dependent increase in the catabolic rate of 
HDL apolipoproteins as well as HDL cholesteryl esters.73, 76, 77 These metabolic effects are 
almost entirely dependent on the catalytic activity of EL and are not so much mediated 
by its bridging function, as overexpression of catalytically inactive EL had discernable 
effects on plasma HDL cholesterol only in HL-deficient mice but not in wild-type or apoA-I 
transgenic mice.78 Conversely, loss-of-function studies in mice using either specific EL 
knockout models 64, 79, 80 or antibody-mediated EL inhibition 81 showed increased plasma 
levels of phospholipids, apoA-I, and HDL cholesterol due to a slower catabolic rate. Also 
a shift in the HDL size toward larger particles was noted.80 Interestingly, inhibition of EL 
activity 81 or EL knockout 64 in HL-deficient mice resulted in a further significant increase 
in plasma HDL cholesterol levels, indicating an independent and additive role of these 
lipases in HDL metabolism. Based on such experimental findings, a model was proposed 
in which hydrolysis of HDL phospholipids by EL destabilizes the HDL particle, resulting in 
shedding of poorly lipidated apoA-I molecules that are rapidly cleared by the kidneys.77 
Concomitantly, the cholesteryl esters within the remainder of the HDL particle are 
rendered more susceptible toward SR-BI-mediated selective uptake (discussed below), 
a mechanism that is also a prerequisite for EL-induced HDL remodeling to continue.76, 

77 To put these data from experimental mouse models into perspective, an important 
question is if EL has a similar impact on HDL metabolism in humans. In a sample of 
510 healthy individuals with a family history of premature coronary artery disease, 
post-heparin plasma mass levels of EL were positively correlated with small HDL and 
negatively with large HDL particles.82 Selected common polymorphisms of EL were also 
found to be associated with HDL phenotypes.83, 84 However, the strongest data supporting 
a negative impact of EL on plasma HDL cholesterol in humans come from a recent report 
demonstrating that the low-frequency Asn396Ser LIPG variant results in reduced lipolytic 
activity and is strongly associated with increased plasma HDL cholesterol levels.85 Another 
rare mutation in the EL gene, G26S, impairs secretion of the EL protein, leading to reduced 
EL plasma levels and thereby also to elevated plasma HDL cholesterol in African-American 
carriers.86 However, the more common Thr111IIe EL variant, which had previously been 
variably and inconsistently associated with plasma HDL cholesterol phenotypes,87, 88 did 
not impact on EL function in vitro and failed to correlate with plasma HDL cholesterol 
levels in a comprehensive meta-analysis of five cohort studies.85

1.3.5 Group IIA secretory phospholipase A2
There is compelling evidence indicating that also the acute phase protein sPLA2 
significantly influences HDL metabolism. sPLA2 is a 14 kD calcium-dependent extracellular 
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phospholipase, that is secreted by a variety of cell types and has exclusive phospholipase 
activity catalyzing the hydrolysis of phospholipids at the sn-2 position yielding a free fatty 
acid and a lysophospholipid.89 Importantly, in plasma sPLA2 associates with HDL particles.90, 

91 Compared to mice on the C57Bl/6J background that naturally lack the sPLA2 enzyme 
due to a frameshift mutation in the respective murine gene, human sPLA2 transgenic mice 
showed reduced HDL cholesterol levels and a shift toward smaller HDL particle size.90, 

92, 93 Hypercatabolism of apoA-I by the kidney 92 and enhanced selective uptake of HDL-
derived cholesteryl esters in both the liver and adrenals 93, 94 have been implicated as key 
factors responsible for profoundly reduced HDL cholesterol levels in response to sPLA2 
overexpression in mice. Thereby, induction of circulating sPLA2 conceivably contributes to 
decreased plasma concentrations of HDL in humans with acute and chronic inflammatory 
states.    

1.4 HDL catabolism

The liver, the kidney, and steroidogenic tissues are the three principal sites of clearance of 
HDL components from the circulation. First of all, HDL can selectively deliver cholesteryl 
esters to cells without concomitant internalization and degradation of the remainder of 
the HDL particle by a process termed selective uptake. Secondly, HDL may be removed 
from the circulation via endocytic uptake of the entire particle, including apoA-I, a process 
referred to as holoparticle endocytosis.     
SR-BI is the receptor responsible for the selective uptake of HDL cholesteryl esters and 
is predominantly expressed in the liver, adrenal glands, and ovary.95 HDL kinetic studies 
showed that approximately half-normal levels of hepatic SR-BI protein in mice were 
associated with a 50% reduction in selective delivery of HDL cholesteryl esters to the 
liver.96 Consistent with hepatic selective uptake being dependent on SR-BI, selective 
uptake of HDL-associated cholesteryl esters by the liver was almost completely absent in 
sr-b1 knockout mice.97, 98 Moreover, there was greatly impaired selective HDL cholesteryl 
ester uptake by the adrenals of mice that lack SR-BI.97, 98 As a result of defective selective 
hepatic clearance of HDL cholesteryl esters, SR-BI deficiency in mice not only raises 
plasma HDL cholesterol levels, but also yields a net increase in overall HDL particle size.97, 

99 On the other hand, acute adenovirus-mediated overexpression of SR-BI in the liver of 
mice resulted in nearly complete disappearance of HDL cholesterol from the circulation 
due to accelerated removal of HDL.100 Similarly, transgenic mice with sustained hepatic 
overexpression of SR-BI demonstrate markedly decreased plasma concentrations of HDL 
cholesterol 101, 102 and increased selective HDL cholesteryl ester clearance.102

While the selective uptake of HDL cholesterol is fairly well understood, far less is known 
about HDL holoparticle endocytosis. Hepatic HDL endocytosis involves an ecto-F1-
ATPase/P2Y13 pathway.103, 104 Binding of apoA-I to the ectopic β-chain of the mitochondrial 
F1 ATP synthase on the cell surface of hepatocytes triggers extracellular ATP hydrolysis.103 

The generated ADP subsequently activates the nucleotide receptor P2Y13 leading to 
internalization of HDL holoparticles (i.e. both lipid and protein moieties) by presently 
unidentified low-affinity binding sites.104 In vivo studies in mice demonstrated that 
pharmacological activation of P2Y13 with cangrelor promoted liver uptake of HDL and 
biliary sterol output by an SR-BI-independent mechanism.105 Conversely, deficiency in the 
P2Y13 receptor in mice reduces HDL uptake into the liver by 20%, thereby resulting in a 
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lower hepatic free cholesterol content and diminished elimination of cholesterol via biliary 
secretion.105 However, HDL cholesterol concentrations in plasma remained unchanged in 
P2Y13 knockout mice 105 suggesting that the contribution of P2Y13 to controlling overall 
plasma HDL levels in mice is minimal when compared with SR-BI-mediated selective 
uptake.   
The kidney is the most important contributor to the clearance of circulating apoA-I and 
potentially HDL particles, that are small enough to be freely filtered by the glomeruli. It is 
presently not completely clear how renal catabolism of apoA-I and small HDL particles is 
mediated. However, there are data supporting the participation of cubilin in renal uptake 
of apoA-I and HDL.106, 107 In addition to the yolk sac epithelial cells, high expression of 
cubulin is seen in the proximal tubule.108 Furthermore, in vitro studies have described 
high-affinity binding of apoA-I and HDL to cubulin, which leads to internalization via 
endocytosis and subsequent degradation in the lysosome.106, 107 Of note, apoA-I excretion 
in urine is higher in dogs and humans with a functional defect in cubulin.106 Additional 
findings imply that the endocytic receptor megalin may assist in renal uptake of apoA-I by 
acting as a co-receptor of cubulin.109 Therefore, a plausible mechanism seems that apoA-I 
and small HDL particles are removed from the plasma by glomerular filtration and then 
avidly taken up by a cubulin-megalin complex and catabolized in the proximal tubular 
cells. The generation of HDL particles of smaller size via either hydrolysis of HDL particles 
in the plasma compartment or SR-BI-mediated selective uptake of HDL cholesteryl esters 
conceivably promotes their subsequent catabolism by the kidney. 

1.5 Anti-atherogenic functions of HDL

1.5.1 Cholesterol efflux and reverse cholesterol transport
A key functional property of HDL is its ability to remove unesterified cholesterol from 
extrahepatic cells, most importantly macrophage foam cells within atherosclerotic 
plaques. This process termed cholesterol efflux is a well-established anti-atherogenic 
action of HDL. At least four different pathways by which HDL and its associated 
apolipoproteins can mobilize cholesterol from macrophages have been described. First, 
the ABCA1 transporter mediates unidirectional cholesterol efflux toward preβ-migrating 
lipid-poor or lipid-free apoA-I.110 Secondly, unidirectional efflux of cholesterol toward 
mature spherical HDL is facilitated by the ABCG1 transporter.111 Thirdly, SR-BI not only 
mediates selective hepatic uptake, but is also involved in bidirectional cholesterol efflux 
to various spherical HDL subpopulations.112 Finally, cholesterol efflux might occur toward 
a wide range of HDL acceptors via receptor-independent aqueous passive diffusion down 
a cholesterol concentration gradient.113        
Efflux of cholesterol from peripheral cells toward either apoA-I or HDL is the first step 
in the RCT pathway (Figure 1.1), wherein HDL plays a central role.6 Reverse cholesterol 
transport describes the process by which excess cholesterol from peripheral tissue is 
removed by HDL and transported to the liver for final excretion into bile and feces.6 After 
incorporation of the cell-derived free cholesterol into nascent HDL, LCAT catalyzes the 
formation of mature spherical HDL by converting free cholesterol to apolar cholesterol 
ester, which moves to the core of the HDL particle.42 Cholesterol originating from 
peripheral cells is subsequently taken up into the liver in several distinct pathways that 
are all relevant for RCT: (i) selective uptake mediated by SR-BI,114 (ii) holoparticle uptake 
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involving the extracellularly localized β-chain of the mitochondrial F1 ATPase as well as 
P2Y13 receptors,103, 104 and (iii) in species such as humans, rabbits, hamsters, and monkeys, 
but not mice and rats, transfer to apoB-containing lipoproteins by CETP followed by uptake 
via LDL receptors.115 The major pathway for disposal of hepatic cholesterol from the body 
is generally believed to be its secretion into bile in the form of either free cholesterol or 
bile acids.116 Eventually, neutral sterols (cholesterol and its metabolites) and bile acids are 
excreted via the feces.

1.5.2 Anti-oxidative properties of HDL
The oxidative modification of LDL is a key event in the initiation of atherosclerotic plaque 
formation in the vessel wall. Oxidized LDL is much more avidly taken up by macrophages 
than native LDL, leading to transformation into lipid-laden foam cells.117 Additional 
biological properties that make oxidized LDL more atherogenic than native LDL include 
chemotactic activity, cytotoxicity to vascular endothelial cells, thrombocyte activation, 
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Figure 1.1. Schematic overview of reverse cholesterol transport. Small discoidal high-density lipoprotein (HDL) 
particles are generated by the liver (about 70% contribution) and by the intestine (about 30% contribution). 
Free cholesterol (FC) from macrophage foam cells is effluxed toward these particles by ATP-binding cassette 
transporter A1 (ABCA1). Through the action of lecithin:cholesterol acyltransferase (LCAT), these particles 
mature and become spherical; ABCG1 and scavenger receptor class B type I (SR-BI) add more cholesterol 
onto these larger HDL. Endothelial lipase (EL) and hepatic lipase (HL) hydrolyze HDL phospholipids and 
phospholipids/triglycerides (TG), respectively, thereby destabilizing the particle, resulting in shedding of poorly 
lipidated apolipoprotein (apo) A-I that is subject to clearance by the kidneys. Cholesteryl ester from these HDL 
particles becomes more susceptible towards SR-BI-mediated selective uptake. Via SR-BI, HDL cholesterol enters 
the hepatic cholesterol pool and can either be directly secreted as free cholesterol into bile and feces or after 
metabolic conversion into bile acids. Cholesteryl ester transfer protein (CETP), expressed in humans but not in 
mice and rats, mediates the hetero-exchange of cholesteryl ester (CE) originating from HDL with triglycerides 
originating from apoB-containing lipoproteins. On the other hand, cholesterol transferred to apoB-containing 
lipoproteins can be taken up into the liver via low-density lipoprotein receptors (LDLR) and then also enters the 
hepatic cholesterol pool. VLDL-very low-density lipoprotein adapted from 218



promotion of smooth muscle cell migration and proliferation, and inhibition of nitric 
oxide (NO)-induced vasorelaxation.118 A considerable amount of literature indicates that 
HDL is able to prevent the oxidation of LDL and hence its subsequent atherogenic actions. 
Pretreatment of LDL with apoA-I, the major HDL protein, made LDL resistant to in vitro 
oxidation by artery wall cells and abolished LDL-induced monocyte chemotactic activity.119 
Studies in mice and humans showed similar results, with injection of apoA-I significantly 
reducing the susceptibility of LDL to oxidation.119 One of the major mechanism by which 
HDL inhibits oxidation of LDL was proposed to entail the ability of apoA-I to remove lipid 
hydroperoxides from LDL.119 HDL might afterward reduce these lipid hydroperoxides to 
their corresponding lipid hydroxides 120 and deliver them to the liver for degradation and 
elimination from the body.121, 122 It has also been reported that apoA-I renders vascular 
cells unable to oxidize phospholipids in LDL by deactivating products of the lipoxygenase 
pathway.123 Besides the evident intrinsic anti-oxidant properties of apoA-I, HDL particles 
carry several enzymes with the capacity to inhibit or inactivate oxidized lipids. A well-
known example of this is paraoxonase-1 (PON1).124, 125 HDL-associated PON1 is able to 
hydrolyze specific oxidized lipids in LDL.126 A role of PON1 in the anti-oxidative function 
of HDL is clearly illustrated by the inability of HDL isolated from pon1-deficient mice 
to prevent oxidative modification of LDL.127 Moreover, lack of PON1 in mice promotes 
atherosclerotic lesion formation,127, 128 and on the genetic apoE knockout background this 
is associated with higher circulating levels of oxidized LDL.128 Conversely, introduction 
of the human PON1 transgene in mice suppressed atherosclerosis development and 
generated HDL particles with enhanced anti-oxidative activity.129 Other examples of 
enzymes present in HDL with the ability to decrease the content of oxidized lipids in LDL 
are platelet-activating factor acetyl hydrolase,130 and potentially LCAT 131 and glutathione 
peroxidase.132  

1.5.3 Anti-inflammatory properties of HDL
There are a number of published studies describing anti-inflammatory effects of HDL. 
The best investigated and for this thesis most relevant of these is the ability of HDL to 
limit cytokine-induced adhesion molecule expression on cultured endothelial cells.133-137 
The exact mechanism underlying the inhibitory effect of HDL on adhesion molecule 
expression remains elusive, but it has been postulated that HDL perturbs tumor 
necrosis factor (TNF)-induced activation of the sphingosine kinase signal transduction 
pathway in endothelial cells, leading to reduced extracellular signal-regulated kinases 
and nuclear factor κβ (NF-κβ) cascade activity and ultimately to inhibition of endothelial 
inflammation.138 In addition, HDL may prevent NF-κβ from entering the nucleus in 
response to TNF and in turn transcriptional activation of inflammatory genes regulated 
by NF-κβ.139, 140 Inhibition of NF-κβ-mediated adhesion molecule expression by HDL has 
been shown to involve SR-BI as well as HDL-contained sphingosine-1-phosphate (S1P) 
and its receptor, S1P1.

141 More recently, evidence has emerged that upregulation of 
3β-hydroxysteroid-Δ24 reductase expression in endothelial cells by HDL likely accounts 
in part for its ability to attenuate adhesion molecule expression.140 The potential of 
HDL to reduce adhesion molecule expression is lost in endothelial cells after siRNA 
silencing of 3β-hydroxysteroid-Δ24 reductase.140 The anti-inflammatory action of HDL 
on adhesion molecule expression appears to be physiologically relevant in vivo because 
injection of reconstituted HDL particles in pigs suppresses endothelial expression of 
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E-selectin in interleukin-1α-induced inflammatory skin lesions.142 In two other in vivo 
studies, reconstituted human HDL treatment diminished adhesion molecule expression 
in injured arteries of apoE-deficient mice 143 or normocholesterolemic rabbits 144 and this 
was associated with reduced leukocyte infiltration into the vessel wall. Similar effects 
on vascular inflammation were observed in collared carotid arteries of chow-fed rabbits 
after infusion of a low dose of lipid-free apoA-I.145 Thus, by virtue of its ability to inhibit 
endothelial cell adhesion molecule expression HDL may impede circulating monocytes 
and neutrophils to migrate into the intima, one of the earliest events in atherosclerotic 
plaque formation. On the other hand, HDL can also act on leukocyte recruitment to 
the vascular wall by directly affecting chemotactic stimuli. HDL decreases generation of 
monocyte chemoattractant protein-1 in thrombin-stimulated vascular smooth muscle 
cells and aortic explants through a process involving blockade of NADPH-mediated reactive 
oxygen species production and requiring signaling through S1P3 and SR-BI receptors.146 
These in vitro findings are in keeping with previous in vivo observations that daily infusion 
of reconstituted HDL inhibits endothelial expression of monocyte chemoattractant 
protein-1 induced by a periarterial collar in rabbit carotid arteries.144 Furthermore, HDL 
restricts expression of several other chemokines and their receptors both in vitro and in 
vivo.147 Other examples of anti-inflammatory properties of HDL include inhibition of the 
pro-inflammatory actions of C-reactive protein 148 and prevention of monocyte activation 
and adhesion to endothelial cells.149      

1.5.4 Vasoprotective properties of HDL
HDL may also oppose atherosclerosis by its ability to preserve vascular function. HDL 
favorably regulates vascular tone by inducing NO bioavailability and in that way 
endothelium-dependent vasodilation. It seems that multiple mechanisms converge to 
initiate NO production by HDL. The interaction of HDL with SR-BI increased endothelial 
nitric oxide synthase (eNOS) activity in cultured endothelial cells.150 Accordingly, HDL 
caused NO- and endothelium-dependent relaxation in intact aortic rings from wild-type 
mice, but not sr-b1 knockout mice.150 Subsequent reports indicated that HDL stimulates 
NO release and vasodilation via Akt-mediated eNOS phosphorylation.25, 151 In parallel, HDL-
mediated activation of eNOS requires signaling through the PI3 kinase-dependent MAP 
kinase pathway.151 According to one study HDL-induced eNOS activity can be achieved 
by a rise in intracellular calcium concentrations,25 whereas others have shown calcium-
independent activation of eNOS by HDL via an increase in intracellular ceramide levels.152 
In addition, HDL has been shown to sustain eNOS in its active dimeric form by inducing 
efflux of oxysterol 7-ketocholesterol from endothelial cells in an ABCG1-dependent 
manner.153 Another potential mechanism underlying HDL-mediated regulation of NO 
production may involve its impact on the abundance of total eNOS protein. Exposure 
of endothelial cells to HDL induces eNOS protein expression by extending the half-life 
of the protein.154 The lysophospholipid receptor S1P3 was identified as a key receptor 
participating in the eNOS-dependent vasorelaxing effect of HDL,25 suggesting that HDL-
associated lysophospholipids may be involved in this process. Although mechanistically 
less well understood, HDL may also play an integral role in the regulation of vascular tone 
by increasing the endothelial release of the potent vasodilator prostacyclin 155 and by 
antagonizing the vasoconstrictor effects of endothelin-1.156 Regarding the relevance of 
the vasodilatory properties of HDL in humans, intravenous infusion of reconstituted HDL 
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restores the impaired endothelium-dependent vasodilation and flow-mediated dilation 
in hypercholesterolemic men.157 

Experiments in cultured endothelial cells uncovered that HDL can inhibit endothelial cell 
apoptosis elicited by different pro-atherogenic stimuli. HDL exhibits a protective effect 
against the cytotoxicity of oxidized LDL in bovine endothelial cells, and this was attributed 
to its ability to interfere with the disruption in calcium homeostasis induced by oxidized 
LDL.158 HDL also effectively blocks the apoptotic activity of TNF-α through the modulation 
of caspase-3 (CCP32)-like protease activity.159 Furthermore, the caspase-dependent 
mitochondrial pathway of apoptotic cell death is triggered during growth factor 
deprivation in human endothelial cells, which can be largely prevented by treatment 
with HDL.160 There is some evidence that the S1P component of HDL is responsible for 
the cytoprotective action of HDL on endothelial cells through activation of S1P1 receptor 
signaling.161 
Endothelial cell proliferation and migration can assist in rapid endothelial repair after 
vascular injury. Early in vitro studies already demonstrated that HDL promotes endothelial 
cell proliferation.162, 163 The enhanced endothelial cell proliferation due to HDL could be 
abrogated by chelating extracellular calcium.164 Apart from its mitogenic activity, HDL has 
been shown to facilitate endothelial cell migration.165 More recent findings revealed that 
endothelial cells migrate in response to HDL via SR-BI-initiated activation of Rac GTPase.166 
Indeed, both apoA-I knockout and SR-BI knockout mice exhibit a decreased capacity 
for re-endothelialization after vascular injury.166 It has become increasingly recognized 
that, in addition to endothelial cell migration, HDL may contribute to endothelial repair 
by regulating endothelial progenitor cells. In vitro HDL favorably impacts endothelial 
progenitor cells by promoting differentiation and proliferation,167-169 by preventing 
apoptosis,169, 170 and by enhancing adhesion to endothelial cells.169 Intravenous infusion 
of reconstituted HDL in mice improved the recovery of hind limb ischemia in terms of the 
blood flow and capillary density, and this was associated with an increased recruitment 
of endothelial progenitor cells to the ischemic muscle.167 Moreover, reconstituted 
HDL treatment increased endothelial repair in the injured aortic endothelium of apoE 
knockout mice.171 Notably, human apoA-I gene transfer in wild-type mice significantly 
increased circulating endothelial cell numbers and endothelial regeneration after artery 
transplantation.172 Human data demonstrated that the number of circulating endothelial 
progenitor cells was significantly higher in patients with type 2 diabetes mellitus after 
infusion of reconstituted HDL.173          

1.5.5 Antithrombotic properties of HDL
Both thrombosis and defective fibrinolysis contribute to the progression of the 
atherosclerotic plaque, and rupture of the plaque fibrous cap results in thrombus 
formation through activation of platelets. HDL has the capacity to limit thrombotic events 
by interfering with the blood coagulation cascade, promoting fibrinolysis, and antagonizing 
platelet activation. With respect to the blood coagulation cascade, HDL has been observed 
to inhibit tissue factor activity, thereby reducing the activation of the blood coagulation 
factors VII and X.174 This anticoagulatory effect of HDL may arise from the presence of 
tissue factor pathway inhibitor in HDL particles.175 Moreover, anionic phospholipids, 
that are required for assembly of a prothrombinase complex of activated coagulation 
factors, lose their ability to support blood coagulation when incorporated into HDL.176 

-  22  -

Chapter 1



Likewise, it has been proposed that HDL inhibits calcium ionophore-mediated formation 
of the procoagulant complex on the plasma membrane of erythrocytes.177 Additionally, 
HDL may augment the antithrombotic properties of activated protein C and its cofactor 
protein S,178 although this property of HDL isolated by ultracentrifugation was later 
suggested to be attributed to contamination with anionic phospholipid membranes.179 

HDL also influences fibrin degradation. Incubation of cultured endothelial cells with 
HDL counteracts LDL-induced changes in the secretion of two regulatory proteins of the 
fibrinolytic system, plasminogen activator inhibitor-1 and tissue plasminogen activator, 
creating an environment favoring fibrinolysis.180 Furthermore, HDL blocks platelet 
aggregation 181, 182 and as indicated by in vitro studies this may be explained by multiple 
mechanisms. In particular, HDL inhibits the generation of platelet-activation factor in 
endothelial cells induced by thrombin,183 promotes activation of the Na+/H+ antiport 
in platelets,184 and hampers binding of fibrinogen to thrombin-stimulated platelets.185 A 
prolonged time to thrombus formation after infusion of apoA-I Milano in rats 186 as well 
as a strong negative correlation between HDL cholesterol levels and thrombus area in 
humans 187 support the notion that HDL may exert direct anti-thrombotic actions in vivo.

1.5.6 Immune modulatory properties of HDL
HDL is involved in the innate immune system by protecting the body against invasion 
of certain pathogens. First of all, HDL may provide host defense against bacterial 
infections. HDL is capable of neutralizing lipopolysaccharide (LPS), a major constituent 
of the cell wall of gram-negative bacteria. This favorable function of HDL is thought to 
be related to the direct interaction of LPS with apoA-I 188 and the high content of LPS-
binding protein in HDL.189 HDL bound LPS may be removed from the circulation via 
hepatic uptake and biliary clearance.190 In concordance, mice carrying the human apoA-I 
transgene show reduced LPS-induced lethality.191 Notably, recombinant HDL infusion in 
experimental human endotoxemia decreased expression of the main LPS receptor, CD14, 
on monocytes resulting in attenuated plasma levels of pro-inflammatory cytokines.192 In 
addition to inactivating LPS, HDL also suppresses toxicity of other bacterial products, such 
as lipoteichoic acid 193 and enterohemolysin.194 Secondly, HDL possesses broad antiviral 
activity.195 Although the exact mechanisms governing the HDL-induced reduction of 
viral infections are not well understood, the ability of HDL to impair penetration of virus 
into the host cell 195 and virus-induced cell-fusion 196-198 are conceivably contributing to 
this action. A particular minor subfraction of HDL particles mediates innate immunity 
to Tryspanosoma brucei brucei infection in primates.199 This HDL subclass termed 
trypanosome lytic factor is specifically characterized by the presence of apoL-I and 
haptoglobin-related protein, two proteins which both have been reported to possess 
trypanolytic activity.200, 201 Binding of hemoglobin to haptoglobin-related protein 
stimulates endocytosis of trypanosome lytic factor by the trypanosome and trafficking 
to the acidic lysosome.202 ApoL-1 is then inserted in the lysosomal membrane where it 
forms pores, causing an uncontrolled influx of chloride and osmotic lysosomal swelling 
until lysis of the trypanosome.203 More recent work indicated a possible role for apoA-I in 
the regulation of regulatory T cells.204 Hypercholesterolemic mice lacking HDL show signs 
of autoimmunity in response to a cholesterol-enriched diet.204 Administration of apoA-I 
could partly reverse this autoimmune phenotype by increasing the amount of regulatory 
T cells in the lymph nodes.204              
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1.5.7 Antidiabetic properties of HDL
Recent data suggest that HDL may exert antidiabetic effects by improving insulin 
secretion. Accumulation of cholesterol in the pancreatic β-cells leads to reduced insulin 
secretion,205 whereas incubation of β-cells with HDL improved their insulin secretory 
capacity 206 and protected them from apoptosis.207 Interestingly, in apoA-I knockout mice 
very low HDL cholesterol levels coincide with impaired glucose tolerance.208 The ABCA1 
transporter, that is involved in cholesterol efflux from cells toward lipid-free/lipid-poor 
apoA-I, has also been associated with impaired β-cell function. Mice that specifically 
lack Abca1 in β-cells exhibit glucose intolerance 209 and human subjects heterozygous for 
loss-of-function mutations in ABCA1 show compromised insulin secretion compared with 
control subjects.210 Therefore, HDL is supposedly important in maintaining pancreatic 
β-cell cholesterol homeostasis and function.  

1.6 Assessment of HDL function

During the last decade several in vitro laboratory methods have been developed with the 
aim to validate the usefulness of metrics of HDL function for assessment of cardiovascular 
risk and response to therapeutic interventions. The most frequently applied assay for 
HDL function in clinical studies is measurement of the ability of HDL to remove cellular 
cholesterol. For this procedure, macrophages are loaded in vitro with acetylated LDL 
and 3H-cholesterol to transform them into macrophage foam cells, the hallmark cells 
of atherosclerotic lesions. In addition, in a smaller number of studies 3H-cholesterol-
labeled fibroblasts are used as the donor cells. Following incubation of the cells with HDL 
acceptors for a few hours, the HDL cholesterol efflux capacity can be derived from the 
amount of cholesterol label that is removed from the cells by HDL in the medium and the 
amount of label remaining in the cells. 
Also, the anti-oxidative properties of HDL have been regularly determined as a measure of 
overall HDL function. The HDL anti-oxidant function is generally defined by its protective 
effect against the oxidation of LDL. HDL-mediated inhibition of the oxidative modification 
of LDL can be assessed by adding HDL to native LDL directly before oxidation with e.g. 
2,2’-azobis-(2-amidinopropane) hydrochloride (AAPH). The extent of LDL oxidation 
is expressed by the kinetics of accumulation of conjugated dienes 211, 212 or by the 
accumulation of thiobarbituric acid-reactive substances after 24 hours.212 Alternatively, 
a cell-free assay can test the ability of HDL to inhibit the oxidation of dichlorofluorescein 
by oxidized lipids.213 
In addition, a few methods to quantify the anti-inflammatory capacity of HDL have been 
described. Firstly, the impact of HDL on cytokine-induced expression of cell adhesion 
molecules on human endothelial cells has been used to study the anti-inflammatory 
function of HDL.21, 214, 215 Another example of a tool to investigate the anti-inflammatory 
activity of HDL is a monocyte chemotaxis assay.20 In this assay, the ability of HDL to inhibit 
LDL-induced monocytic chemotactic activity is determined using cocultures of human 
monocytes and smooth muscle cells.213 
Furthermore, also endothelial cell-based assays have been used to examine alterations 
in the biological functionalities of HDL.21 One approach involves incubation of human 
aortic endothelial cells with HDL, followed by measurement of nitric oxide or superoxide 
production by electron spin resonance spectroscopy analysis.21 A second approach 
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involves pre-incubation of human aortic endothelial cells with HDL, stimulation of the 
cells with tumor necrosis factor, and addition of labeled monocytes to the cells, followed 
by counting of the number of adherent monocytes.21 For an in vivo endothelial repair 
assay, HDL is injected in NRMInu/nu athymic nude mice following electric carotid artery 
injury.21 Endothelial repair is evaluated by staining of the denuded areas by Evan’s blue 
dye and quantitation of the re-endothelialized area.21 The vasodilative effects of HDL 
have also been tested directly ex vivo by isolating aortic rings from mice, and assessing 
vascular relaxation in response to HDL using a small vessel myograph.25, 216 
Finally, in 2003, Rader and co-workers developed a method to measure the functionality 
of HDL in RCT in vivo.217 Mice or hamsters are injected either intraperitoneally or 
subcutaneously with 3H-cholesterol-loaded macrophage foam cells. Subsequently, the 
cholesterol label is traced at several time points in the plasma and at the end of the 
experiment in the liver and most importantly as final experimental read-out in the feces.  

Aim and outline of the thesis
The overall aim of the research summarized in this thesis was to provide more insight 
into the importance of HDL functionality for cardiovascular risk. 
The described research aims for a translational approach, combining whenever possible 
in vivo data from mouse studies with in vitro data from patient samples. On the one hand, 
in vivo the impact of selected interventions on macrophage-to-feces reverse cholesterol 
transport has been determined, whereas in vitro HDL functionality in patient studies with 
relevance for CVD has been assessed. 
First, chapter 2 summarizes the available literature with respect to in vivo macrophage-
to-feces RCT studies in animals. Furthermore, novel insights into the regulation of this 
atheroprotective pathway are described, that have been obtained from these studies. 
Chapter 3 examined cholesterol efflux from macrophage foam cells toward plasma and 
HDL from patients with acute sepsis. In subsequent mouse experiments the influence 
of acute inflammation on in vivo macrophage-specific RCT studied after intraperitoneal 
injection of 3H-cholesterol-loaded primary mouse macrophage foam cells was investigated. 
In addition, the role of three selected acute phase proteins (serum amyloid A, sPLA2, 
and myeloperoxidase), which have been recognized to impact HDL metabolism during 
inflammation, was studied. In chapter 4 the effect of alloxan-induced type 1 diabetes 
mellitus on hepatic lipid metabolism and RCT from cholesterol-labeled macrophages 
in mice was examined. The hypothesis that systemic apoE may exert part of its anti-
atherogenic effects by accelerating macrophage-specific RCT was tested in chapter 5. 
Data summarizing the influence of adenovirus-mediated hepatic overexpression of 
human apoE3 on liver lipid metabolism, biliary sterol secretion, and in vivo RCT from 
macrophages to feces in wild-type as well as human CETP transgenic mice are reported. 
The second part of this thesis focuses on studies in patient populations exploring the 
clinical relevance of an assessment of HDL function over mere HDL cholesterol mass 
measurements. Therefore, first three key anti-atherogenic functional properties of HDL 
in patients presenting with an acute myocardial infarction were measured and compared 
with controls carefully matched for plasma HDL-cholesterol levels in addition to age 
(chapter 6) to provide proof-of-concept that HDL function can be impaired independent 
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of HDL-cholesterol mass levels. Chapter 7 addressed the potential relationship between 
the functionality of HDL and pancreatic β-cell dysfunction in patients with type 2 diabetes 
mellitus. In chapter 8 the predictive value of HDL efflux capacity for cardiovascular 
mortality, all-cause mortality, and graft failure was analyzed in a longitudinal cohort 
study of renal transplant recipients. This population was specifically chosen since renal 
transplant recipients have a six-fold higher risk of CVD than the general population, and 
therefore represent a patient group with considerably accelerated atherosclerosis.
Finally, chapter 9 summarizes and discusses the most relevant findings described in this 
thesis, and concludes with implications for future research.
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Abstract

Plasma levels of high-density lipoprotein (HDL) cholesterol are strongly inversely correlated 
to the risk of atherosclerotic cardiovascular disease. A major recognized functional 
property of HDL particles is to elicit cholesterol efflux and consequently mediate reverse 
cholesterol transport (RCT). The recent introduction of a surrogate method aiming at 
determining specifically RCT from the macrophage compartment has facilitated research 
on the different components and pathways relevant for RCT. The current review provides 
a comprehensive overview of studies carried out on macrophage-specific RCT including a 
quick reference guide of available data. Knowledge and insights gained on the regulation 
of the RCT pathway are summarized. A discussion of methodological issues as well as of 
the respective relevance of specific pathways for RCT is also included.
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2.1 What is the relevance of reverse cholesterol transport?

Large population studies conclusively demonstrated that plasma levels of high-
density lipoprotein cholesterol (HDL-C) as well as its major apolipoprotein constituent 
apolipoprotein A-I (apoA-I) are inversely associated with the risk of atherosclerotic 
cardiovascular disease (CVD).1-4 However, within these study populations there is still a 
substantial number of patients that experience complications of CVD despite considerably 
high HDL-C plasma levels,1, 2, 4 and vice versa there are individuals with low plasma HDL-C 
levels that do not develop clinically significant atherosclerosis.1, 2, 4 Such observations 
lead to the investigation how HDL particles confer protection against atherosclerosis. 
One of the earliest recognized functions of HDL is that it promotes cholesterol efflux 
from macrophage foam cells, which constitute the hallmark cell type of atherosclerotic 
lesions.5, 6 Upon entrance into the vessel wall monocytes become macrophages and take 
up vast amounts of modified pro-atherogenic apoB-containing lipoproteins that are 
accumulating within the vascular wall as an early event in the process of atherogenesis.7, 

8 Uptake of cholesterol immobilizes macrophages within the vessel wall resulting in a 
sustained inflammatory response.8, 9 Importantly, cholesterol efflux from foam cells can 
revert this phenotype leading to macrophage egress from lesions and a subsequent 
reduction in lesion burden.10 HDL-mediated cholesterol efflux therefore constitutes a 
key step not only for preventing lesion progression but also for clinical efforts to induce 
regression of pre-existing atherosclerotic plaques. Subsequently, the cholesterol effluxed 
from foam cells towards HDL should ideally be irreversibly eliminated from the body 
to prevent re-uptake into the vessel wall. This goal is achieved by a complex multistep 
process that has been coined reverse cholesterol transport (RCT).5, 10, 11

2.2 What is reverse cholesterol transport?

Reverse cholesterol transport is a term that comprises all the different steps in 
cholesterol metabolism between cholesterol efflux from macrophage foam cells and the 
final excretion of cholesterol into the feces either as neutral sterols or after metabolic 
conversion into bile acids (see Figure 2.1).5, 10, 11

The liver plays a central role in cholesterol metabolism. Cholesterol either derived from the 
diet or from synthesis within the liver or intestine is secreted by hepatocytes in the form 
of apoB-containing lipoproteins in a forward pathway to supply cholesterol to peripheral 
cells.10 When chemically modified, these lipoproteins are taken up by macrophages 
resulting in foam cell formation.8, 9 From macrophages cholesterol can be effluxed as free 
cholesterol either via ATP-binding cassette transporter A1 (ABCA1) with poorly lipidated 
apoA-I as acceptor or via ABCG1 with more mature spherical HDL particles serving as 
acceptor.6, 11 Additional efflux capacity might be provided by scavenger receptor class B 
type 1 (SR-BI) or by so-called aqueous diffusion.6, 11 Within HDL, cholesterol is esterified 
by lecithin:cholesterol acyltransferase (LCAT) thereby clearing space on the HDL surface 
for the uptake of additional free cholesterol.12 Via the plasma compartment the effluxed 
cholesterol is transported in a reverse pathway back to the liver. Following receptor-
mediated uptake of HDL cholesterol into hepatocytes either selectively via SR-BI or as 
a holoparticle via an as yet not fully characterized pathway,5 HDL-derived cholesterol is 
then de-esterified and secreted into the bile. This can occur either as free cholesterol or 
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as bile acids. Notably, not in mice and rats but in humans, rabbits, hamsters and a number 
of other species expression of cholesteryl ester transfer protein (CETP) provides a shunt 
between the forward and the reverse cholesterol transport pathways.13 This way also 
hepatic receptors for apoB-containing lipoproteins might participate in RCT. However, 
the differential relevance of the apoB-containing lipoprotein pathway versus the HDL 
pathway for RCT in humans is thus far unclear. Finally, within the intestinal lumen altered 
absorption rates of cholesterol can then further impact on the amount of foam cell-
derived cholesterol that is finally excreted from the body.10

2.3 How can reverse cholesterol transport be quantified?

Initial attempts to quantify RCT used mass measurements of centripetal cholesterol flow 
from extrahepatic organs to the liver.14-16 In addition, isotope techniques were employed 
to assess the dilution of an administered tracer over time by tissue-derived cholesterol.17 
However, all of these methods are not able to specifically trace cholesterol derived from 
macrophage foam cells, a small but highly relevant pool for atherosclerotic CVD.
In 2003 the RCT field took up speed after Rader and colleagues introduced a novel in vivo 
method to specifically trace the movement of cholesterol from macrophages to plasma, 
liver, and feces (Figure 2.2).18 Briefly, macrophages are loaded in vitro with modified low-
density lipoproteins (LDL) and 3H-cholesterol to generate macrophage foam cells. After an 
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Figure 2.1. Schematic of cholesterol metabolism indicating the forward as well as the reverse cholesterol 
transport pathway. Proteins with an unequivocal effect on RCT are shown in bold, please note that this also 
refers to targets confirmed by only one published study thus far. Please also note that CETP is not expressed in 
mice and rats. For further details please refer to the main text.



equilibration period, the macrophages are injected intraperitoneally into recipient mice. 
Plasma samples are taken on several time points, and feces are collected continuously 
during the duration of the experiment. Although this only represents a fraction of the 
total injected dose within the time frame of a given experiment, completed RCT is defined 
as the amount of 3H-tracer originating from macrophages that is recovered within feces. 
Of note, a potentially new experimental approach with macrophage loading in vivo 
using 3H-cholesteryl oleate-labeled oxidized LDL was recently communicated at scientific 
conferences,19 which will, however, not be further discussed in the present review.

2.4 Which macrophages should be used in in vivo reverse cholesterol 
transport studies?

Since its first description in 2003, the technique to measure macrophage-to-feces RCT 
has become a widely accepted and frequently applied method. However, differences 
exist in the type of macrophages injected into the recipient animals, either cell lines or 
primary macrophages are used. 
Most experiments published so far using cell lines employed murine J774 macrophages. 
The second most popular cell line utilized to investigate RCT is the murine macrophage-
like RAW 264.7 cell line. In addition, RCT studies have also been performed with mouse 
P388D1 macrophages. A major shortcoming of J774 macrophages is that ABCA1 is 
almost not expressed in these cells, and only after stimulation with cyclic AMP J774 cells 
express detectable levels of this major efflux transporter.20 Moreover, no endogenous 
apoE production has been found in the J774 as well as in the RAW cells,21-23 whereas 
macrophage-apoE has been shown to significantly impact in vivo RCT.24 Importantly, the 
responsiveness of RAW cells to liver X receptor (LXR) activation, one of the strongest 
stimuli of cholesterol efflux, is severely impaired due to a significant reduction in the 
expression of LXRβ and almost absent expression of LXRα.25, 26 In addition, the majority of 
the reported macrophage-to-feces RCT experiments are conducted in mice on a C57BL/6 
background, while J774 and RAW 264.7 cells originate from BALB/c mice, and P388D1 
cells were originally derived from DBA/2 mice. Therefore, an impact of immunological 
incompatibilities cannot formally be excluded. Finally, an important disadvantage 
associated with macrophage cell lines is that changes in cellular characteristics may occur 
over time in culture. Nonetheless, the passage number of the cells is often not mentioned 

-  45  -

Regulation of RCT

Figure 2.2. Graphic summary of the number of published studies dealing with macrophage-specific RCT since 
introduction of the macrophage-specific RCT method in 2003 (derived from PubMed searches).



in the description of the RCT method. 
Besides macrophage cell lines, RCT assays are also carried out with primary macrophages 
obtained from either the bone marrow or the peritoneal cavity. Primary macrophage 
cells have characteristics that more closely conform to macrophages in vivo, and thereby 
provide in our view more physiologically relevant results. Moreover, isolation of primary 
macrophage cells from genetically modified (knockout or transgenic) mice offers the 
opportunity to investigate the impact of specific macrophage-derived factors on in 
vivo RCT. However, it should be considered that significant differences in the degree 
of lipid loading may exist depending on the macrophage genotype, and that this might 
conceivably translate into alterations in macrophage RCT in vivo due to effects unrelated 
to the RCT pathway. 

2.5 What are limitations in the interpretation of results from macrophage 
reverse cholesterol transport assays?

Depending on the type of macrophages used (please see above), tracer recovery within 
feces varies between less than 1% (cell lines) and up to 10% (primary macrophages) 
within the time frame of a RCT experiment. If these quantitative differences between 
experimental set-ups are qualitatively relevant resulting into different conclusions 
drawn from a specific intervention in the RCT pathway is currently not clear, since no 
comparative studies have been carried out. The points whether the tracer is appearing in 
plasma first in the unesterified form, which is to be expected, as well as the rate and speed 
of subsequent esterification have also not been formally addressed, yet. Furthermore, 
the current RCT methodology was designed to measure the unidirectional transport of 
cholesterol from macrophages to feces and neither allows assessment of tracer unloading 
nor determination of cholesterol influx. Thereby, a situation could be envisioned where 
increased fecal excretion of the tracer in a RCT study is not associated with increased 
unloading of administered macrophages, e.g. by factors impacting on intestinal cholesterol 
absorption (please see below). Therefore, methodological improvements are awaited in 
order to address these questions. Recently, Smith et al. put forward a modified in vivo 
RCT assay to enable quantification of the bidirectional flux of macrophage cholesterol.27 

For this procedure the cholesterol-laden macrophages are immobilized in Matrigel and 
then introduced subcutaneously in experimental animals. Several days after implantation, 
the Matrigel plugs are removed, and the cells are recovered for analysis of changes in 
cellular cholesterol and DNA content. Simultaneously, macrophage-specific RCT can be 
assessed. In addition, another approach to measure in vivo changes in cholesterol mass in 
macrophage foam cells concurrently with macrophage RCT was published.28 This protocol 
involves entrapment of lipid and 3H-cholesterol-laden macrophages into semipermeable 
hollow fibers. Subsequently, the fibers containing macrophage foam cells are implanted 
in the peritoneal cavity of recipient mice. After 24 hours, the fibers are removed and the 
cells are assayed for protein and cholesterol mass content.28 

However, all macrophage RCT methods employed so far use cells administered at locations 
outside the vessel wall. All such experiments are therefore based on the main assumption 
that any given location is equal to or at least a close surrogate of the situation within the 
vascular wall. However, in atherosclerotic lesions additional factors conceivably have an 
impact not reflected in the current RCT assay methodology such as accessibility by the 
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HDL particle, hypoxia, or pH changes just to name a few.

2.6 Which factors influencing single steps in the reverse cholesterol 
transport pathway have been identified so far?

From the different steps that are important in the RCT pathway, overall RCT might be 
differentially affected on different levels (see also the Table 2.1 for a summary). To date 
several factors affecting only one single step of the pathway but impacting on total RCT 
have been identified. These can be divided into effects at the level of (i) the macrophage, 
(ii) the transport of cholesterol through the plasma compartment, (iii) the uptake by the 
liver, (iv) the excretion into the intestine, and (v) the excretion from the body.  

2.6.1 What proteins influencing macrophage cholesterol metabolism are relevant for 
reverse cholesterol transport?
The first important step in the RCT pathway comprises the removal of excessive cholesterol 
from macrophage foam cells. The rate of cholesterol movement from macrophages to 
plasma is determined in the first place by the transport capacity of the macrophage. 
Cholesterol can be effluxed from the macrophage only in the unesterified or free form, 
but not as cholesteryl ester (CE). CEs stored in cytoplasmic lipid droplets of macrophages 
are hydrolyzed by a neutral cholesteryl ester hydrolase (nCEH),29 and increased CE 
hydrolysis in lipid-laden macrophages by overexpression of human nCEH resulted in 
enhanced efflux of cholesterol.30 However, such a manipulation is also likely to impact the 
cholesterol loading of the macrophages used in the RCT experiment. Nevertheless, in vivo 
the movement of radiolabeled cholesterol from macrophages into feces was significantly 
higher from macrophages expressing human nCEH,30 suggesting that efficient hydrolysis 
of intracellular CEs in macrophages is critical for the first step in RCT.
Free cholesterol can leave the macrophage by different pathways, which either might be 
transporter-independent (aqueous diffusion) or dependent on cholesterol transporters 
(SR-BI, ABCA1, and ABCG1). Ablation of ABCA1 specifically in macrophages decreased 
the flux of labeled cholesterol from macrophage foam cells into the serum as well as 
the feces.31, 32 Furthermore, RCT from macrophages was higher in wild-type mice after 
injection with macrophages overexpressing ABCG1 and significantly mitigated when 
using macrophages with reduced or no ABCG1 expression.32 Importantly, macrophage 
ABCA1 and ABCG1 appear to function in concert in the in vivo RCT process, as knockdown 
of both ABCA1 and ABCG1 in macrophages suppressed macrophage-to-feces RCT more 
than either ABCA1 or ABCG1 deletion alone.32, 33 The general view is that apoA-I is lipidated 
by ABCA1 activity to generate nascent HDL particles, that then act as an acceptor for 
ABCG1-mediated cholesterol transport from macrophages. In addition to ABCA1- and 
ABCG1-mediated efflux, cholesterol can be effluxed from macrophages to HDL in an SR-
BI-dependent pathway.34 Conversely, the recovery of macrophage-derived label in serum 
and feces was not affected when mice were injected with macrophages lacking SR-BI.32, 

35 Additionally, combined deletion of ABCA1 and SR-BI in macrophages did not impair 
macrophage RCT more than a single deletion of ABCA1.35 On the other hand, the effects 
of SR-BI overexpression in macrophages on RCT have not been investigated. In addition, 
bone marrow transplantation experiments consistently indicated a protective effect of 
SR-BI expression in macrophages on atherosclerotic plaque development.36-38 Thus, the 
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relevance of macrophage SR-BI for RCT is still debatable. 
Another important player in cholesterol efflux and macrophage-specific RCT is apoE 
produced by macrophages. Cholesterol efflux from macrophages not expressing apoE 
was facilitated by endogenous expression of human apoE,39, 40 whereas macrophages 
isolated from apoE knockout mice showed decreased cholesterol efflux elicited by HDL or 
lipid-free apoA-I in vitro.41 In agreement, a recent study revealed that in vivo macrophage-
to-feces RCT is diminished in wild-type mice receiving macrophages that are deficient in 
apoE.24 

As a final point, factors that regulate inflammatory responses in the macrophage may 
also be able to modify transport of cholesterol from the macrophage to the feces. Studies 
with a murine macrophage cell line transfected with the human 15(S)-lipoxygenase-1 
gene demonstrated that human 15(S)-lipoxygenase-1 activity in macrophages accelerates 
cellular CE hydrolysis and consequently cholesterol efflux, leading to a net increase in 
macrophage RCT.42 More surprisingly, the macrophage myeloid differentiation primary 
response protein 88, which is an adaptor protein involved in signal transduction of all 
toll-like receptors (TLRs) except TLR 3 and 4, exerts a positive effect on the RCT pathway 
at least partly through the up-regulation of ABCA1 expression.43 

2.6.2 Which proteins impacting cholesterol transport through the plasma compartment 
are relevant for reverse cholesterol transport?
A second essential determinant of efficient cholesterol elimination from macrophage 
foam cells is the amount of acceptors, principally apoA-I and HDL, present in the 
circulation. Overexpression of human apoA-I in mice resulted in more cholesterol being 
removed from macrophages and deposited in the feces via the RCT pathway lending 
strong support to the concept that raising HDL levels protects against atherosclerotic 
CVD at least in part by increasing RCT.18 A subsequent study confirmed the specific 
contribution of apoA-I, independent of HDL, to macrophage RCT. When apoA-I was 
knocked out in the atherosclerosis prone LDLr-/-/apobec-/- mouse model, in vivo RCT was 
delayed.44 Furthermore, macrophage-specific RCT can be improved in apoA-I-deficient 
mice by liver-directed expression of mouse or human apoA-I.45, 46 Consistent with these 
results, enhancement of apoA-I production in the liver of human apoA-I transgenic 
mice by treatment with the thienotriazolodiazepine Ro 11-1464 was accompanied by 
a greater flux of radiolabeled cholesterol from macrophages to stool.47 Besides apoA-I 
plasma concentrations, also the tertiary structure domain of the protein appears to be an 
important determinant of its ability to promote RCT from macrophages.45 On the other 
hand, the natural occurring apoA-I mutant apoA-I Milano, thought to exhibit superior 
atheroprotective effects, was equally effective in stimulating macrophage RCT than wild-
type apoA-I.46 Further proof for the capacity of apoA-I to facilitate RCT came from research 
using pharmacological agents mimicking apoA-I. Administration of the apoA-I mimetic 
peptides D-4F,48 5A,17 or ATI-5261 49 to mice all increased the transfer of macrophage-
derived cholesterol to plasma and feces. However, currently no data on the impact of 
infusing reconstituted HDL on RCT are available, although this intervention represents a 
promising clinical approach in patients.50, 51

The association between HDL cholesterol levels and macrophage-specific RCT is less 
straightforward. Hepatic 52 and intestinal 53 ABCA1 are crucial for HDL particle maturation, 
and mice with targeted deletion of ABCA1 have almost no circulatory pool of HDL.54 



In agreement with the lack of HDL, ABCA1 knockout mice exhibit an overall defect in 
macrophage-specific RCT.35, 55 However, the anti-atherosclerotic compound probucol, that 
inhibits hepatic ABCA1 activity and thereby reduces HDL cholesterol, had no effect on 
macrophage RCT in wild-type mice and even increased the flux through the macrophage 
RCT pathway on the SR-BI knockout background.56 As one possible explanation the authors 
hypothesized that treatment with probucol targeted HDL-derived cholesterol taken up 
into the liver for biliary excretion by preventing hepatic ABCA1-mediated resecretion 
of cholesterol into the circulation.56 Another example of a dissociation between plasma 
HDL cholesterol levels and macrophage RCT are SR-BI knockout mice.57 Thus, plasma HDL 
levels do not necessarily represent a reliable reflection of macrophage RCT rates, and 
for that reason HDL cholesterol levels should be used with caution as a surrogate for 
predicting fluxes through the RCT pathway.
Preservation of a free cholesterol concentration gradient between the cell membrane and 
HDL due to esterification of cholesterol in HDL by LCAT is believed to support cholesterol 
efflux.12 Paradoxically, LCAT activity does not seem to determine overall macrophage-to-
feces RCT. In human apoA-I transgenic mice enhanced LCAT activity raised HDL levels, but 
failed to increase macrophage RCT.58 In addition, heterozygous LCAT knockout mice also 
do not show a phenotype regarding macrophage-specific RCT.58 On the other hand, LCAT 
deficiency in mice was associated with very low concentrations of HDL in the circulation, 
whereas the transfer of cholesterol from macrophages to feces in vivo was only decreased 
by approximately 50% in comparison to controls.58 Moreover, in a recent report there was 
no correlation at all between the LCAT cholesterol esterification rates and the amount of 
macrophage-derived labeled cholesterol recovered in the feces.45

Hepatic lipase (HL) and endothelial lipase (EL) are both negative regulators of HDL 
metabolism.59 HL and EL knockout mice as well as HL/EL double knockouts have higher 
HDL cholesterol levels than their wild-type counterparts but decreased uptake of HDL-
derived cholesterol into the liver. As a consequence the transport of cholesterol from 
macrophages to feces remains unchanged.60 Nonetheless, an indirect increase in EL 
activity in mice via inhibition of hepatic proprotein convertases reduced HDL levels and 
resulted in a decreased disposal of macrophage-derived cholesterol into the feces.61 

In the case of the two lipases HL and EL, not the plasma HDL levels but the uptake of 
cholesterol from HDL into the liver appears to be rate-limiting for the macrophage RCT 
pathway. 
Phospholipid transfer protein (PLTP) is another important enzyme involved in the 
remodeling of HDL. PLTP activity generates large HDL particles resulting in the release 
of poorly lipidated apoA-I.62 Mice with transgenic overexpression of human PLTP display 
lower HDL concentrations and a decreased mobilization of radiolabeled cholesterol from 
peritoneal macrophages,63 suggesting that systemic PLTP activity impairs RCT.     
CETP is highly relevant for human lipoprotein metabolism. Since inhibition of CETP raises 
circulating levels of HDL, which hypothetically should decrease the CVD risk amongst 
others by stimulating RCT, inhibition of CETP has been put forward as a novel therapeutic 
strategy. By facilitating the transfer of CEs from HDL to apoB-containing lipoproteins, CETP 
directs hepatic uptake of cholesterol to the LDL receptor, which might then represent 
an important route in the RCT pathway. Available research regarding the consequences 
of CETP activity for the atheroprotective RCT pathway has provided ambiguous data, as 
both elevation as well as inhibition of CETP activity can be favorable. Systemic expression 
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of CETP by a recombinant adenoviral vector in wild-type mice 64 as well as long-term 
AAV-mediated expression of human CETP in apobec-1 knockout mice 65 led to a greater 
net transfer of radiolabeled cholesterol from macrophages to feces, and this favorable 
CETP modulatory effect on RCT required the presence of the LDL receptor.65 In contrast, 
other studies found no evidence that CETP influences macrophage-to-feces RCT.66, 67 

In hamsters, which naturally express CETP, treatment with the potent CETP inhibitor 
torceptrapib or anacetrapib to some extent improved the movement of cholesterol from 
macrophages in the peritoneal cavity to the feces,64, 68, 69 although with anacetrapib this 
was only observed under dyslipidemic conditions.68, 69 In addition, in human CETP/human 
apoB100 transgenic mice on a high-fat diet administration of torcetrapib increased HDL-C 
levels and enhanced RCT from macrophages to feces.70 Besides CETP inhibition, specific 
modulation of CETP activity by dalcetrapib in hamsters was also associated with a higher 
magnitude of macrophage RCT.68 Overall, the position of CETP in RCT appears to be 
complex and requires in our view further accurate investigation, especially in light of the 
growing interest in the clinical use of CETP inhibitors.     
Macrophage RCT may also be impacted by the specific apolipoproteins carried in the HDL 
particle. ApoA-II, for example, is the second major apolipoprotein in HDL.71 Expression of 
human apoA-II did not impair macrophage-specific RCT in mice fed either a chow or an 
atherogenic diet, despite a pronounced lowering of plasma HDL-C levels in response to 
human apoA-II expression on both diets.72 An elevated content of apoF in HDL, in terms 
of mass a minor constituent of the particle, enhanced its capacity to serve as an acceptor 
for macrophage cholesterol, but this did not translate into higher macrophage-specific 
RCT in vivo.73

2.6.3 What is the importance of cholesterol uptake by the liver for reverse cholesterol 
transport?
Following transport through the plasma compartment, the next step in RCT is delivery of 
cholesterol from macrophages to the liver. SR-BI is the key receptor responsible for the 
selective uptake of CEs from HDL into the liver, and hepatic SR-BI has been recognized as 
a positive regulator of RCT.57 Consistent with the effects on experimental atherosclerosis, 
hepatic SR-BI overexpression resulted in more macrophage-derived cholesterol being 
excreted into the feces,57 whereas macrophage RCT is clearly impaired in the total absence 
of SR-BI 35, 57 as well as when SR-BI is exclusively deleted in the liver.67 Although one 
study suggested that introduction of CETP can correct the adverse phenotype regarding 
macrophage RCT in SR-BI knockout mice by shuttling HDL-associated CEs to apoB-
containing lipoproteins for receptor-mediated hepatic uptake,65 this was not confirmed 
by subsequent research.67 These differences might be related to the means of CETP 
overexpression used in these studies, either by AAV 65 or by transgenic overexpression 
using a construct with the natural flanking regions.67 
An alternative mechanism by which HDL cholesterol can be taken up into the liver is via 
holoparticle endocytosis, i.e. uptake of both HDL proteins and lipids at an equal rate. 
Although the definitive receptor mediating this has not been identified thus far, it was 
noted that the P2Y13 receptor is involved in HDL holoparticle uptake.74 Mice that lack 
the P2Y13 receptor exhibit a substantial reduction in HDL holoparticle uptake into the 
liver, and as a result the fecal excretion of cholesterol originating from macrophages is 
reduced.75    
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However, enhanced uptake of HDL-derived cholesterol in the liver apparently only results 
in accelerated RCT when associated with increased biliary cholesterol secretion as it is the 
case for SR-BI and P2Y13.

75-77 Conversely, increased hepatic uptake of HDL cholesterol does 
not necessarily translate into changes in biliary secretion when the hepatic expression 
levels of SR-BI remain unaltered. For instance, mice overexpressing EL 76 or human group 
IIA secretory phospholipase A2 

78, 79 were noted to have elevated selective uptake of HDL 
CEs into the liver, but there was no concomitant increase in cholesterol removal via the 
bile or RCT. On the other hand, impaired hepatic selective uptake by modifying the donor 
properties of the HDL particle results in decreased RCT as we have recently shown in the 
case of insulin-deficient type 1 diabetic mice.80 In this model, HDL glycation decreased 
SR-BI-mediated selective uptake translating into lower RCT rates despite enhanced biliary 
cholesterol mass secretion.80 In addition, decreased RCT in type 1 diabetes was shown to 
be modified by the haptoglobin genotype with the haptoglobin 2-2 genotype resulting in 
an aggravated reduction.81

2.6.4 What is the importance of biliary versus non-biliary pathways for macrophage-
derived cholesterol to enter the intestinal lumen?
Before HDL-derived CEs can be excreted into the bile, they first need to be hydrolyzed 
to generate free cholesterol. Similar to the macrophage, hepatic CE hydrolysis can be 
achieved by the action of nCEH. Adenoviral hepatic overexpression of nCEH increased RCT 
from macrophages to feces, primarily by augmenting the biliary output of bile acids.82 Yet, 
mice with genetic deficiency of carboxyl ester lipase, which likewise has the capacity to 
hydrolyze CEs in the liver, unexpectedly show augmented secretion of HDL-CE as well as 
macrophage-derived cholesterol into bile and feces.83 A satisfactory explanation for this 
discrepancy is currently not available.
Biliary secretion has classically been regarded the major route for irreversible elimination 
of RCT-relevant cholesterol from the body, although for a long time this concept had not 
been experimentally tested. Hepatic cholesterol can be secreted into bile either directly as 
free cholesterol or after conversion into bile acids. Biliary phospholipid secretion through 
the multi-drug resistance P-glycoprotein 2 (MDR2 or ABCB4) is obligatory for functional 
hepatobiliary cholesterol secretion, as phospholipid-induced formation of mixed micelles 
is key in the solubilization of cholesterol in bile (for a recent comprehensive review on 
the mechanisms of biliary cholesterol excretion please see 84). Bile acids are secreted by 
the bile salt export pump (or ABCB11). ABCG5 and ABCG8 are obligate heterodimers that 
mediate secretion of cholesterol and plant sterols into bile together with the cholesterol-
binding protein Niemann-Pick C2 (NPC2).85 Although the absence of ABCG5/G8 results in 
a marked reduction in biliary cholesterol secretion,86 RCT from macrophages was found 
to be unaltered in ABCG5/ABCG8 double knockout mice,87 while the role of NPC2 in RCT 
has not been explored, yet. 
Since it had been noted that non-biliary pathways contribute to total fecal neutral 
sterol excretion,88-91 we experimentally tested the relevance of biliary sterol secretion 
for RCT. Following bile duct ligation RCT was almost completely abolished.92 In addition 
to this surgical model, also in a non-cholestatic genetic model of virtually absent biliary 
cholesterol secretion, namely MDR2-deficient mice, there was a drastic reduction in 
RCT in fecal neutral sterols.92 Interestingly, RCT via bile acids did not compensate for 
the severe reduction in RCT via neutral sterols in MDR2 knockout mice, and also the 
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stimulating effects of LXR ligands on RCT depended largely on functional biliary cholesterol 
secretion.92 Of note, we observed a clear distinction between fecal neutral sterol 
mass changes and macrophage-derived tracer counts suggesting different metabolic 
pathways. Furthermore, the results of HDL kinetic studies conducted in parallel to the 
RCT experiments were counterintuitive to the intestine playing a major role in RCT.92 

These combined results led us to the conclusions that, at least in the models tested, 
the biliary secretion pathway was of primary importance for functional in vivo RCT. 
However, using a different experimental approach Temel et al. showed that transgenic 
mice expressing human Niemann-Pick C1-like 1 (NCP1L1) in the liver have substantially 
reduced cholesterol concentrations in gallbladder bile but exhibit no apparent deficit 
in macrophage-specific RCT.93 In addition, in a very short-term experiment RCT did not 
differ significantly between bile duct diverted mice and controls.93 Although in contrast 
to bile duct ligation bile duct diversion has the advantage of not inducing cholestasis, bile 
acids, however, also do not enter the intestinal lumen. Since in the initial studies on this 
pathway bile acids have been shown to be essential as acceptors for intestinal cholesterol 
excretion, the nature of the cholesterol acceptors in the bile duct diversion experiments 
remains unclear. Differences between the two studies other than the models used also 
comprise the choice of macrophages, primary mouse peritoneal macrophages 92 versus 
the J774 cell line.93 However, in summary, the contrasting results obtained can as yet 
not be explained. Therefore, a definitive answer to the question about a contribution 
of the intestine to RCT has to await (i) the clarification that the intestinal cholesterol 
excretion pathway is indeed an active metabolic process, (ii) the delineation of the 
molecular identity of the intestinal transporters involved, and (iii) the characterization of 
the lipoprotein substrates relevant for this pathway. 

2.6.5 What is the impact of intestinal absorption on reverse cholesterol transport?
The transport protein NPC1L1 is highly relevant for the intestinal uptake of cholesterol 
94 and has been identified as the molecular target of the cholesterol absorption inhibitor 
ezetimibe.95 Inhibition of intestinal cholesterol absorption using ezetimibe in mice 
resulted in increased RCT.96, 97 Furthermore, experiments in a congenic mouse strain with 
genetically lowered cholesterol absorption revealed that even a moderate decrease in the 
amount of cholesterol absorbed from the intestinal lumen is associated with increased 
RCT.97, 98 Opposite to NPC1L1, the half-transporters ABCG5 and ABCG8 may participate 
in the active transport of cholesterol from the entrocyte back into the intestinal lumen 
permitting fecal excretion.99 However, to date the specific involvement of intestinal 
ABCG5/ABCG8 in RCT has not been explored.

2.7 What are the factors influencing multiple steps in the reverse 
cholesterol transport pathway?

In addition to factors that predominantly affect one single step, there are also factors and 
compounds that influence multiple steps in the macrophage-specific RCT pathway such 
as (i) inflammation, (ii) various drugs, (iii) dietary modifications, and (iv) exercise (please 
see also the Table 2.1 for a summary). 

-  52  -

Chapter 2



2.7.1 What is the impact of inflammation on reverse cholesterol transport?
Inflammation plays a central role in atherogenesis, and there is good evidence that 
inflammation decreases RCT. Acute inflammation induced by a single lipopolysaccharide 
(LPS) injection profoundly hampered the movement of labeled cholesterol from 
macrophages to the plasma and feces in wild-type mice.79, 100 In addition, diminished in 
vivo RCT has also been detected after an inflammatory response elicited by the yeast cell 
wall extract zymosan,101 although this effect was substantially lower than the impact of 
LPS on RCT. What are the steps in RCT affected by an inflammatory response? A reduced 
efflux capacity of acute-phase HDL might be involved, as evidenced in experimental 
murine and human endotoxemia 100 as well as in acute sepsis patients.79 Furthermore, 
severely elevated plasma concentrations of the acute-phase proteins myeloperoxidase 
and serum amyloid A during inflammation have been identified as additional contributing 
factors.79 Also the liver plays an important role, since during an acute phase response 
enzymes involved in the conversion of cholesterol to bile acids are down-regulated and 
the expression of transporters mediating biliary secretion of cholesterol and bile acids is 
severely decreased.79, 100, 102, 103 

Mast cells in atherosclerotic lesions have been recognized to participate in the 
inflammatory processes that drive atherosclerotic plaque development.104 A recent 
report suggested that degranulation of mast cells in the vascular wall may locally suppress 
cholesterol removal from macrophages, and activation of mast cells in the peritoneal 
cavity of mice completely abrogated the apoA-I-induced increase in RCT.105 

2.7.2 Which effects do various drugs have on reverse cholesterol transport?

2.7.2.1 LXR agonists
LXRs are nuclear receptors activated by endogenous oxysterols that control genes 
involved in lipid metabolism and cholesterol transport, and therefore LXRs are in principal 
considered an attractive therapeutic target for atherosclerotic CVD.106 A number of studies 
have examined the role of LXR in macrophage-to-feces RCT and consistently found a higher 
flux through this pathway following pharmacological LXR activation in CETP-deficient as 
well as CETP-expressing animals.87, 107-110 Several mechanisms apparently contribute to 
LXR-mediated activation of RCT. Firstly, LXR up-regulates the expression of ABCA1 and 
ABCG1 in macrophages and has been shown to stimulate macrophage cholesterol efflux 
in vitro.111, 112 Macrophage LXR is important in the ability of LXR to promote RCT, but is not 
vital. Although in LXR agonist-treated wild-type mice injected with macrophages from 
LXR double knockout mice RCT was lower compared with similar treated wild-type mice 
injected with wild-type macrophages, LXR activation still promoted RCT in the absence 
of macrophage LXR.110 On the other hand, activation of LXR restricted to macrophages 
was inadequate to increase RCT.110 Secondly, LXR may improve the potential of plasma 
to accept cholesterol from macrophage foam cells by increasing plasma HDL cholesterol 
levels.108 Thirdly, pharmacological LXR activation induces expression of Abcg5 and Abcg8 
in the liver,87, 107, 109, 110 most likely resulting in an increased elimination of cholesterol 
via the biliary route. Modulation of macrophage RCT by a synthetic LXR ligand required 
functional biliary cholesterol secretion, as its effect was abolished in ABCG5/ABCG8 
double knockout 87 as well as MDR2 knockout mice.92 However, unaltered macrophage-
to-feces RCT in response to adenovirus-mediated hepatic overexpression of LXRα in mice 
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supported a less important role of the liver in LXR-mediated effects on RCT.113 Fourthly, 
LXR activation in the small intestine inhibits cholesterol absorption 113 via induction of 
Abcg5 and Abcg8 as well as downregulation of Npc1l1 expression.107, 109, 110, 113 Consistent 
with these data, RCT was increased in transgenic mice specifically overexpressing LXR 
in the intestine 113 and after treatment of mice with an intestinal-specific LXR agonist.110  

2.7.2.2 PPAR agonists
Peroxisome proliferator-activated receptors (PPARs) are transcription factors that like 
LXRs belong to the nuclear receptor family and modulate expression of genes implicated 
in several biological processes such as lipid metabolism, glucose metabolism, and 
inflammation.114, 115 Three members of the PPAR family have been identified  (PPARα, 
PPARδ, and PPARγ), which have a distinct tissue distribution and modulate different 
biological responses after activation (for detailed reviews please see 116-118). Lately, 
PPAR ligands have attracted interest in view of their potential use for treatment of 
cardiovascular diseases. Both in humans 119-121 and experimental animals 122-125 activation 
of PPARs has been associated with a raise in plasma HDL cholesterol levels, which in 
theory might improve RCT. 
Indeed, recent studies revealed that the potent PPARα agonist GW7647 increased 
macrophage RCT in a hyperlipidemic mouse model expressing human apoA-I.126 Analysis 
of the molecular mechanism revealed that GW7647 stimulated cellular cholesterol 
efflux and correspondingly the RCT pathway by up-regulation of ABCA1 and ABCG1 in 
macrophages via a PPARα-LXR-dependent pathway.126 A similar advantageous outcome 
on overall RCT was observed in human apoA-I transgenic mice receiving the PPARα ligand 
fenofibrate, though this effect was restricted to female mice.127 Moreover, off-target 
effects on RCT by fenofibrate cannot be excluded, given that in the same animal model 
another fibrate, gemfibrozil, equally increased PPARα activation in the liver without a 
concomitant enhancement in RCT.127 
Dietary supplementation with a PPARδ-specific agonist was associated with an elevated 
level of macrophage-derived tracer excreted into feces of wild-type mice.96 Compared 
with PPARα, which has been shown to modify in vivo RCT at the macrophage level,126 

PPARδ-mediated effects on the macrophage RCT pathway seem largely confined to the 
intestine.96 PPARδ activation in mice led to a decreased intestinal expression of Npc1l1 96, 

124 and as a consequence diminished the capacity of the intestine to absorb cholesterol.124 

Finally, PPARγ agonists were developed for therapeutical use in type 2 diabetes mellitus. 
Interestingly, treatment of wild-type mice with a synthetic PPARγ agonist considerably 
impeded RCT from macrophages to feces.128 Using kinetic experiments, the authors 
showed that PPARγ activation promoted SR-BI-mediated uptake of cholesterol from 
HDL into the adipose tissue,128 shunting cholesterol away from the liver and thus likely 
reducing biliary elimination although this was not experimentally addressed. 

2.7.2.3 Other drugs and therapeutic modalities
Likewise a number of other drugs have been tested with the macrophage-specific RCT 
method. The farnesoid X receptor (FXR) has been implicated in the control of cholesterol 
metabolism through transcriptional regulation of several genes, including ApoA-I, Cyp7a1, 
Pltp, ApoC-II, and ApoC-III.129 Activation of FXR, by treatment with the specific agonist 
GW4064 or an adenovirus expressing constitutively active FXR, enhanced transport 

-  54  -

Chapter 2



of cholesterol from macrophages to feces in wild-type mice in the face of lower HDL 
levels.130 This was partially SR-BI-dependent, since the effects of the FXR agonist on RCT 
were attenuated in SR-BI knockout mice.130 However, the dependency of these results on 
functional FXR expression have not formally been addressed. 
Recently, the microRNA miR-33, that is expressed from an intron within the SREBP-2 
gene, has been identified as an important repressor of the cholesterol transport genes 
Abca1 and Abcg1.131, 132 Inhibition of miR-33 in LDL receptor knockout mice by antisense 
oligonucleotides raised circulating HDL and promoted the macrophage RCT pathway, 
which in turn may have contributed to the regression of pre-established atherosclerosis 
observed in anti-miR33-treated mice.133 
Another potential anti-antherogenic drug, the liver-selective thyromimetic T-0681, 
reduced plasma levels of cholesterol and stimulated delivery of macrophage-derived 
cholesterol into the feces in wild-type mice.134 These findings are consistent with the 
atheroprotective effect of T-0681 in apoE knockout mice upon prolonged treatment.134 

Nevertheless, it is unclear if similar results are to be expected in humans, as macrophage 
RCT remained unchanged in T-0681-treated CETP transgenic mice.134 
Glibenclamide and glimepiride are sulfonylurea agents widely used to treat insulin 
resistance, and administration of either one of these drugs to wild-type mice did not 
alter RCT.135 
Finally, the anti-HIV drugs efavirenz and nevirapine,136 the selective inhibitor of 
phosphodiesterase 3 cilostazol,137 the proteasome inhibitor bortezomib,138 and ethanolic 
extracts of propolis 139 have all been demonstrated to favorably influence macrophage-
to-feces RCT.

2.7.3 What is the impact of diet on reverse cholesterol transport?
Diets with increased fat and/or cholesterol contents are generally used in experimental 
animal models to induce atherosclerotic lesion development, and also in humans a 
high intake of dietary saturated fatty acids and cholesterol has been associated with an 
increased risk of mortality from coronary heart disease.140 Increased plasma levels of 
atherogenic lipoproteins is most likely the major contributing factor to the initiation of 
plaque formation by dietary modification. Although published results are ambiguous, 
impaired RCT might also play a role. When hamsters with endogenous CETP expression 
were fed a diet containing 0.3% cholesterol for 4 weeks to induce dyslipidemia, a 
pronounced reduction in overall RCT was observed.141 Concomitantly, the cholesterol-rich 
diet impaired the capacity of plasma to promote release of cholesterol from macrophages, 
consistent with the decrease in macrophage RCT.141 In contrast, studies in wild-type mice 
and human CETP-transgenic mice suggested a stimulating effect of a diet high in both 
saturated fatty acids and cholesterol on macrophage cholesterol efflux to plasma as well 
as in vivo RCT.142 The increased RCT in response to a high fat/high cholesterol diet in mice 
was apparently dependent on dietary cholesterol and functional expression of Abcg5/
g8.142 

Also individual dietary components may impact RCT. Ferulic acid is an abundant 
polyphenol in coffee with antioxidant properties, and treatment of wild-type mice with 
ferulic acid increased macrophage-specific RCT by inducing the expression of ABCG1 and 
SR-BI in macrophages, thereby promoting HDL-mediated cholesterol efflux.143 However, 
coffee intake itself did not lead to a change in macrophage RCT in mice.143 
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A diet enriched in fish oil has been shown to enhance macrophage RCT in mice as 
compared to diets rich in other sources of fatty acids.144 Increased excretion of HDL-
derived cholesterol from the body, attributable to decreased esterification of cholesterol 
in the liver, increased hepatic expression of Abcg5 and Abcg8, and decreased intestinal 
expression of Npc1l1, was suggested to account for this elevated rate of RCT by dietary 
fish oil.144

2.7.4 Does physical exercise impact reverse cholesterol transport?
Physical exercise is suggested as a preventive strategy against CVD, and exercise increases 
fecal mass excretion of neutral sterols and bile acids.145, 146 However, a study by our group 
did not find any impact of voluntary wheel running on in vivo macrophage RCT in wild-
type mice, even though cholesterol efflux from macrophage foam cells towards plasma 
of exercising mice in vitro was significantly increased.146 On the other hand, macrophage 
RCT was higher in exercising human CETP transgenic mice when compared with 
sedentary controls.147 This beneficial effect of regular exercise training on RCT was at least 
in part ascribed to a raise in plasma HDL cholesterol and an enhanced hepatic uptake of 
cholesterol through elevated LDL receptor protein expression.147 The difference between 
these two studies might be due to either the exercise protocol (voluntary 146 versus forced 
147), the use of macrophages (primary 146 versus cell line 147) or the expression of CETP, but 
unfortunately the latter study lacked wild-type controls not expressing CETP. 

2.8 Concluding remarks and future directions

•	 RCT represents a relevant atheroprotective pathway that is, however, only one piece 
in a complex mechanistic network determining atherosclerotic lesion formation, 
progression, and regression. To date, formal causal evidence is lacking that RCT 
quantified by the methods described in this review reflects the actual dynamics of 
the process of atherogenesis.

•	 Despite a vast amount of experimental data gathered to date, it remains unclear 
whether cholesterol movement through the entire RCT pathway is required for 
atheroprotection. Mobilization of cholesterol from macrophages might be sufficient 
in this respect, at least in an acute clinical setting. However, since effluxed cholesterol 
can be redistributed to the vessel wall from other tissues, in our opinion increasing 
the fecal sterol excretion of macrophage-derived cholesterol together with lowering 
of apoB-containing lipoproteins constitutes the favorable strategy.

•	 In our view, valuable pathway information can be derived from macrophage RCT 
studies by distinguishing within the feces between counts in the neutral sterol versus 
the bile acid fractions, which is thus far not consistently done.

•	 We would also like to stimulate putting RCT studies in a broader metabolic context by 
combining these with mass measurements of sterol excretion.

•	 Finally, a reliable method for quantifying macrophage RCT in humans would be a 
valuable tool for clinical drug development and translational studies.
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Table 2.1. Quick reference guide: Overview of available reverse cholesterol transport studies.

Factor 
investigated

Intervention Animal model Type of 
macrophages 
used

Effect 
on 
RCT

Ref

Macrophage
ApoE ApoE knockout macrophages Wild-type mice Peritoneal ↓ 24
CE hydrolysis Human nCEH transgenic 

macrophages
LDLr knockout 
mice

Peritoneal ↑ 30

ABCA1 ABCA1 knockout macrophages Wild-type mice Bone marrow ↓ 31, 32
ABCG1 ABCG1 overexpression in 

macrophages
Wild-type mice J774 ↑ 32

ABCG1 knockdown in 
macrophages

Wild-type mice J774 ↓ 32

ABCG1 knockout macrophages Wild-type mice Bone marrow ↓ 32
ABCA1/
ABCG1

ABCA1/ABCG1 double knock-
down in macrophages

Wild-type mice J774 ↓ 32

ABCA1/ABCG1 double knockout 
macrophages

Wild-type mice Bone marrow ↓ 33

SR-BI SR-BI knockout macrophages Wild-type mice Bone marrow = 32
SR-BI knockout macrophages Wild-type mice Bone marrow = 35

ABCA1/SR-BI ABCA1/SR-BI double knockout 
macrophages

Wild-type mice Bone marrow ↓ 35

PLTP PLTP knockout macrophages Wild-type mice Peritoneal = 63
CETP CETP overexpression in 

macrophages
Wild-type mice RAW 267.4 = 64

CETP overexpression in 
macrophages

Wild-type mice Peritoneal = 66

15(S)-lipoxy-
genase-1

Human 15(S)-lipoxygenase-1 
overexpression in macrophages

Wild-type mice RAW 267.4 ↑ 42

MyD88 MyD88 knockout macrophages Wild-type Peritoneal ↓ 43
Transport through the plasma compartment
ApoA-I Adenoviral overexpression 

human apoA-I
Wild-type mice J774 ↑ 18

ApoA-I knockout LDLr/apobec 
double 
knockout mice

J774 ↓ 44

Adenoviral overexpression 
mouse or human apoA-I 
(wild-type or apoA-I Milano)

ApoA-I 
knockout mice

J774 ↑ 45, 46

Ro 11-1464 Human apoA-I 
transgenic 
mice

J774 ↑ 47

ApoA-I 
tertiary 
structural 
domain

AAV overexpression domain-
swap variants of human and 
mouse apoA-I

ApoA-I 
knockout mice

J774 ↑ 45
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ApoA-I 
Milano vs 
wild-type 
apoA-I

AAV overexpression ApoA-I 
knockout mice

J774 = 46

ApoA-I 
mimetic 
peptides

D-4F ApoE knockout 
mice

J774 ↑ 48

5A Wild-type mice RAW 264.7 ↑ 17
ATI-5261 ApoE knockout 

mice
J774 ↑ 49

HDL particle 
formation

ABCA1 knockout ABCA1 
knockout mice

Endogenous ↓ 55

ABCA1 knockout ABCA1 
knockout mice

Peritoneal ↓ 35

Probucol Wild-type mice J774 = 56
Probucol SR-BI knockout 

mice
J774 ↑ 56

LCAT AAV overexpression human 
LCAT

Human apoA-I 
transgenic 
mice

J774 ↓ 58

AAV overexpression human 
LCAT

Human apoA-I 
transgenic 
mice 
overexpressing 
SR-BI

J774 = 58

AAV overexpression human 
LCAT

Human apoA-I 
transgenic 
mice 
overexpressing 
human CETP

J774 = 58

LCAT knockout LCAT knockout 
mice

J774 ↓ 58

Hepatic 
lipase

HL knockout HL knockout 
mice

J774 = 60

Endothelial 
lipase

EL knockout EL knockout 
mice

J774 = 60

Inhibition hepatic proprotein 
convertases

Wild-type mice J774 ↓ 61

Hepatic 
lipase/
endothelial 
lipase

HL/EL double knockout HL/EL double 
knockout mice

J774 = 60

PLTP PLTP overexpression Human PLTP 
transgenic 
mice

Peritoneal ↓ 63

CETP Adenoviral CETP overexpression Wild-type mice RAW 264.7 ↑ 64
AAV overexpression human 
CETP

Apobec 
knockout mice

J774 ↑ 65
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AAV overexpression human 
CETP

LDLr/apobec 
double 
knockout mice

J774 = 65

AAV overexpression human 
CETP

SR-BI knockout 
mice

J774 ↑ 65

CETP overexpression Cynomolgus 
monkey CETP 
transgenic 
mice

P388D1 or 
peritoneal

= 66

CETP overexpression Human CETP 
transgenic 
mice

Bone marrow = 67

CETP inhibi-
tion

Torcetrapib Hamsters J774 ↑ 64

Torcetrapib Hamsters Peritoneal ↑ 68
Torcetrapib Human 

CETP/human 
apoB100 
transgenic 
mice

J774 ↑ 70

Anacetrapib Hamsters Peritoneal = 68
Anacetrapib Hamsters J774 ↑ 69
Dalcetrapib Hamsters Peritoneal ↑ 68

ApoA-II Overexpression human apoA-II Human apoA-
II transgenic 
mice

P388D1 ↑ 
or =

72

ApoF AAV overexpression mouse apoF Wild-type mice J774 = 73
Uptake by the liver
Selective 
uptake

Adenoviral overexpression SR-BI Wild-type mice J774 ↑ 57

Adenoviral overexpression SR-BI Human apoA-I 
transgenic 
mice

J774 ↑ 57

SR-BI knockout SR-BI knockout 
mice

J774 ↓ 57

SR-BI knockout SR-BI knockout 
mice

Peritoneal ↓ 35

SR-BI knockout SR-BI knockout 
mice

Bone marrow ↓ 67

Transgenic CETP overexpression SR-BI knockout 
mice

Bone marrow = 67

Liver-specific SR-BI knockout SR-BI 
conditional 
knockout mice

Bone marrow ↓ 67

Transgenic CETP overexpression SR-BI 
conditional 
knockout mice

Bone marrow = 67
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Holoparticle 
uptake

P2Y13 knockout P2Y13 knockout 
mice

Peritoneal ↓ 75

Type 1 
diabetes 
mellitus

Alloxan Wild-type mice Peritoneal ↓ 80

Streptozotocin Wild-type mice J774 ↓ 81
Streptozotocin Hp2-2 mice J774 ↓ 81

Excretion into the intestine
CE hydrolysis 
liver

Adenoviral overexpression 
human nCEH

Wild-type mice J774 ↑ 82

Carboxyl ester lipase knockout Carboxyl 
ester lipase 
knockout mice

J774 ↑ 83

ABCG5/
ABCG8

ABCG5/ABCG8 double knockout ABCG5/
ABCG8 double 
knockout mice

P388D1 = 87

Biliary sterol 
secretion

Bile duct ligation Wild-type mice Peritoneal ↓ 92

Surgical biliary diversion Wild-type mice J774 = 93
Transgenic overexpression 
NPC1L1 in the liver

Liver-specific 
human NPC1L1 
transgenic 
mice

J774 = 93

MDR2 MDR2 knockout MDR2 
knockout mice

Peritoneal ↓ 92

Excretion from the body
NPC1L1 
intestine

Ezetimibe Wild-type mice J774 ↑ 96

Ezetimibe Wild-type mice RAW 264.7 ↑ 97
Cholesterol 
absorption 
intestine

Congenic 14DKK interval 14DKK 
congenic mice

RAW 264.7 ↑ 97

Congenic 14DKK interval 14DKK apoE 
knockout 
congenic mice

Bone marrow ↑ 98

Inflammation
Acute 
inflammato-
ry response

LPS Wild-type mice Peritoneal ↓ 79

LPS Wild-type mice J774 ↓ 100
Zymosan Wild-type mice RAW 264.7 ↓ 101

Human 
group IIA 
secretory 
phospholi-
pase A2

Overexpression human group 
IIA secretory phospholipase A2

Human group 
IIA secretory 
phospholipase 
A2 transgenic 
mice

Peritoneal = 79

Serum 
amyloid A

Adenoviral overexpression 
human serum amyloid A

Wild-type mice Peritoneal = 79
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Adenoviral overexpression 
mouse serum amyloid A

Wild-type mice Peritoneal ↓ 79

Myeloper-
oxidase

Human myeloperoxidase Wild-type mice Peritoneal ↓ 79

Mast cell 
activation

Mast cell degranulating 
compound 48/80

Wild-type mice 
treated with 
human apoA-I

J774 ↓ 105

Drugs
LXR agonist GW3965 Wild-type mice J774 ↑ 107, 

110
GW3965 LDLr/apobec 

double 
knockout mice

J774 ↑ 107

GW3965 ApoB/CETP 
double 
transgenic 
mice

J774 ↑ 107

T0901317 Wild-type 
BALB/c mice

J774 ↑ 108

GW3965 Hamsters J774 ↑ 109
T0901317 Wild-type mice P388D1 ↑ 87
T0901317 ABCG5/

ABCG8 double 
knockout mice

P388D1 = 87

T0901317 Wild-type FVB 
mice

Peritoneal ↑ 92

T0901317 MDR2 
knockout mice

Peritoneal = 92

GW3965 LXR double 
knockout mice

J774 = 110

GW3965 Wild-type mice Bone marrow
(wild-type 
and LXR 
knockout) 

= 110

Intestine-
specific LXR 
activation

Constitutively activated LXRα in 
the intestine

iVP16LXRα 
transgenic 
mice

J774 ↑ 113

Liver-specific 
LXR activa-
tion

Adenoviral overexpression 
constitutively active LXRα

Wild-type FVB 
mice

J774 = 113

Intestine-
specific LXR 
agonist

GW6340 Wild-type mice J774 ↑ 110

PPARα 
agonist

GW7647 Wild-type mice J774 ↑ 126

GW7647 Human apoA-I 
transgenic 
mice

J774 ↑ 126
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GW7647 LDLr/apobec 
double 
knockout mice

J774 ↑ 126

GW7647 Human apoA-I 
transgenic 
mice

Bone marrow
(PPARα 
knockout)

= 126

GW7647 Human apoA-I 
transgenic 
mice

Bone marrow
(LXR double 
knockout)

= 126

Fenofibrate Human apoA-I 
transgenic 
mice

P388D1 ↑ 127

Gemfibrozil Human apoA-I 
transgenic 
mice

P388D1 = 127

PPARδ 
agonist

GW0742 Wild-type mice J774 ↑ 96

PPARγ 
agonist

GW7845 Wild-type mice J774 ↓ 128

FXR agonist GW4064 Wild-type mice J774 ↑ 130
GW4064 SR-BI knockout 

mice
J774 ↑ 130

Liver-specific 
FXR activa-
tion

Adenoviral overexpression 
constitutively active FXR

Wild-type mice J774 ↑ 130

miR-33 
antagonism

Anti-miR33 oligonucleotide LDLr knockout 
mice

Bone marrow ↑ 133

Liver-selec-
tive thyromi-
metic

T-0681 Wild-type mice J774 ↑ 134

T-0681 CETP 
transgenic 
mice

J774 = 134

Sylfonylurea 
agent

Glibenclamide Wild-type mice RAW 264.7 = 135

Glimepiride Wild-type mice RAW 264.7 = 135
Anti-HIV 
drug

Nevirapine Human apoA-I 
transgenic 
mice

J774 = 136

Efavirenz Human apoA-I 
transgenic 
mice

J774 ↑ 136

Phosphodi-
esterase 3 
inhibition

Cilostazol Wild-type mice RAW 264.7 ↑ 137

Proteasomal 
inhibition

Bortezomib Wild-type mice RAW 264.7 ↑ 138
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Ethanolic 
extract of 
propolis

Ethanolic extract of propolis Wild-type mice RAW 264.7 ↑ 139

Dietary modifications
Dietary 
cholesterol

Cholesterol-enriched diet Hamsters Peritoneal ↓ 141

Dietary 
cholesterol 
and fat

Saturated fatty acid- and 
cholesterol-enriched diet

Wild-type mice P388D1 ↑ 142

Saturated fatty acid-enriched 
diet

Wild-type mice P388D1 = 142

Coffee Coffee Wild-type mice RAW 264.7 = 143
Ferulic acid Wild-type mice RAW 264.7 ↑ 143

Fish oil Fish oil Wild-type mice J774 ↑ 144
Exercise
Exercise Voluntary wheel running Wild-type mice Peritoneal = 146

Monitored wheel running Human CETP 
transgenic 
mice

J774 ↑ 147

Wild-type; if not otherwise stated this term refers to the use of C57BL/6 mice.
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Chapter 3

Abstract

Background. Atherosclerosis is linked to inflammation. HDL protects against atherosclerotic 
cardiovascular disease, mainly by mediating cholesterol efflux and reverse cholesterol 
transport (RCT). The present study aimed to test the impact of acute inflammation as well 
as selected acute phase proteins on RCT with a macrophage-to-feces in vivo RCT assay 
using intraperitoneal administration of [3H]cholesterol-labeled macrophage foam cells. 
Results. In patients with acute sepsis, cholesterol efflux toward plasma and HDL 
were significantly decreased (P < 0.001). In mice, acute inflammation (75 µg/mouse 
lipopolysaccharide) decreased [3H]cholesterol appearance in plasma (P < 0.05) and 
tracer excretion into feces both within bile acids (−84%) and neutral sterols (−79%, each 
P < 0.001). In the absence of systemic inflammation, overexpression of serum amyloid 
A (SAA, adenovirus) reduced overall RCT (P < 0.05), whereas secretory phospholipase 
A2 (sPLA2, transgenic mice) had no effect. Myeloperoxidase injection reduced tracer 
appearance in plasma (P < 0.05) as well as RCT (−36%, P < 0.05). Hepatic expression of 
bile acid synthesis genes (P < 0.01) and transporters mediating biliary sterol excretion (P 
< 0.01) was decreased by inflammation. 
Conclusion. In conclusion, our data demonstrate that acute inflammation impairs 
cholesterol efflux in patients and macrophage-to-feces RCT in vivo in mice. Myeloperoxidase 
and SAA contribute to a certain extent to reduced RCT during inflammation but not 
sPLA2. However, reduced bile acid formation and decreased biliary sterol excretion might 
represent major contributing factors to decreased RCT in inflammation. 
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3.1 Introduction

Epidemiological studies established a strong inverse association between plasma HDL 
cholesterol levels and the risk of atherosclerotic cardiovascular disease (CVD).1, 2 A major 
anti-atherogenic activity of HDL is regarded to be reverse cholesterol transport (RCT), a 
process comprising removal of excess cholesterol from peripheral cells, most importantly 
macrophage foam cells in atherosclerotic lesions, and transport back to the liver for 
subsequent excretion into bile and feces.2, 3 Understanding the pathophysiological factors 
regulating RCT is therefore of prime importance. 
Inflammation is strongly linked to atherosclerosis.4-6 The atherosclerotic plaque itself 
is increasingly considered a site of chronic inflammation within the vessel wall.6, 7 In 
addition, markers of inflammation are elevated in plasma of patients with established 
atherosclerotic CVD, and circulating levels of several acute phase proteins (APPs) have 
been shown to possess a predictive value for future cardiovascular events.8, 9 Recently, 
it was also demonstrated that eliminating a large part of the hepatic acute phase 
response (APR) by knocking out the gp130 receptor on hepatocytes confers significant 
protection from atherosclerosis, indicating that APP might mechanistically contribute to 
the atherosclerotic process.10 Furthermore, inflammation impacts on HDL metabolism 
resulting in accelerated HDL catabolism and substantial remodeling of the HDL particle,11-13 
making it likely that these changes might translate into altered in vivo RCT. 
Therefore, the aim of the present study was to assess whether induction of the APR 
affects in vivo RCT and to dissect out the role of important APP that have been established 
to regulate HDL metabolism during an inflammatory response. Our data demonstrate 
that acute inflammation transiently reduces cholesterol efflux to plasma in patients 
with an APR and impairs macrophage-to-feces RCT in vivo in mice. Group IIA secretory 
phospholipase A2 (sPLA2) and myeloperoxidase (MPO), but not serum amyloid A (SAA), 
contribute to reduced cholesterol efflux toward plasma. However, although expression 
of sPLA2 in the absence of generalized inflammation did not affect macrophage-to-feces 
RCT, SAA overexpression and MPO infusion decreased in vivo RCT significantly. 

3.2 Materials and Methods

3.2.1 Patients
Consecutive patients admitted with acute sepsis to the intensive care unit (ICU) at 
Charité–Campus Benjamin Franklin in Berlin, Germany were included if they met 
established criteria for septic shock.14 Patients under 18 years of age, pregnant women, 
and patients with preexisting endocrine disorders were excluded. A first blood sample 
was obtained during a routine blood draw at admittance (d0) and a second blood sample 
was drawn at day 21 following complete clinical recovery, defined as SAPSII score below, 
35 no clinical signs of systemic infection, and no necessity for treatment at the ICU. Blood 
was immediately placed on ice and plasma was obtained and stored at −80°C until further 
analysis. Ten patients were included, eight matched healthy volunteers served as controls 
(for clinical details, see Table 3.1). The origin of infection in the patients was lungs (n = 
5), urinary tract (n = 4), and gallbladder (n = 1). Six patients had gram-negative and 2 
gram-positive infection; no bacteria could be isolated in two patients. Organ dysfunction 
included respiratory (n = 8), cardiovascular (n = 7), renal (n = 4), central nervous system 

-  77  -

Acute inflammation impairs RCT



(n = 3), liver (n = 1), and hematologic (n = 1) failure. All patients were receiving inotropic 
drugs or vasopressors and required mechanical ventilation and hydrocortisone during 
the acute phase of sepsis. The study was approved by the local Ethics Committee and 
written informed consent for blood sampling was obtained from patients or their proxies.

Table 3.1. Clinical characterization of patients and controls. 

Patients 
(n=10)

Controls 
(n=8)

Male/female 6/4 5/3
Age (years) 59 ± 4 53 ± 2
BMI (kg/m2) 25.4 ± 0.9 23.5 ± 1.0

d 0 d 21
SAPSII score 63 ± 2 31 ± 1* n.d.
Total cholesterol (mg/dl) 109 ± 5 187 ± 9* 163 ± 9*

HDL cholesterol (mg/dl) 25 ± 2 48 ± 3* 47 ± 4*

Triglycerides (mg/dl) 139 ± 6 254 ± 12* 133 ± 11‡

SAA (µg/dl) 823 ± 99 18 ± 4* 3.0 ± 0.4*,‡

sPLA2 (ng/dl) 16,553 ± 2,072 242 ± 34* 174 ± 8*

MPO (ng/ml) 365 ± 77 59 ± 9* 62 ± 9*

Values are means ± SEM. * Significantly different from d0 values, at least P < 0.05; ‡ significantly different from 
d21 values, at least P < 0.05.

3.2.2 Animals
C57BL/6J control mice were purchased from Charles River (Sulzfeld, Germany). The human 
group IIA sPLA2-transgenic mice expressing the human transgene under the control of the 
endogenous human promoter have been described previously.15 The sPLA2-transgenic 
line has been backcrossed to the C57BL/6J genetic background lacking the endogenous 
murine sPLA2 enzyme due to a frameshift mutation for > 14 generations. The animals 
were caged in animal rooms with alternating 12 h periods of light (from 7 AM to 7 PM) 
and dark (from 7 PM to 7 AM) with ad libitum access to water and mouse chow diet (Arie 
Blok, Woerden, The Netherlands). Animal experiments were performed in conformity 
with Public Health Service policy and in accordance with the national laws. All protocols 
were approved by the responsible ethics committees of the University of Groningen and 
the Landesamt für Gesundheit, Ernährung und technische Sicherheit Berlin (LAGETSI). 

3.2.3 Construction of recombinant adenoviruses
The human SAA1 cDNA was amplified from IL-6-treated HepG2 cells (ATCC via LGC 
Promochem, Teddington, UK) by PCR using specific primers according to the human 
sequence (NM_000331, GenBank) and subcloned into pcDNA3.1 (Invitrogen, Carlsbad, 
CA). Recombinant adenovirus (AdhSAA) was generated using the Adeno-X kit (Clontech, 
Mountain View, CA) according to the manufacturer’s instructions. The mouse CE/J SAA 
expressing adenovirus was kindly provided by Dr. Nancy Webb, University of Kentucky, 
Lexington, KY. An empty adenovirus (AdNull) was used as control.16 Recombinant 
adenoviruses were amplified and purified as described previously.17 For mouse 
experiments, a dose of 1 × 1011 particles/mouse of each of the respective adenoviruses 
was used. 
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3.2.4 In vivo reverse cholesterol transport studies
Wild-type C57BL/6J donor mice were injected intraperitoneally with 0.5 ml of 10% 
Brewer thioglycollate medium (Becton Dickinson, Le Point de Claix, France). On day 4 
after thioglycollate injection, peritoneal macrophages were harvested as described.18 

Macrophages were plated in RPMI 1640 medium (Invitrogen) supplemented with 10% 
FBS (HyClone, Logan, UT) and 1% penicillin/streptomycin (Invitrogen) and were allowed 
to adhere for 4 h at 37°C under 5% CO2 humidified air. Then nonadherent cells were 
removed by washing twice with PBS followed by loading of the macrophages with 50 μg/
ml acetylated LDL and 3 μCi/ml [3H]cholesterol (Perkin Elmer, Boston, MA) for 24 h. After 
washing twice with PBS, the macrophages were equilibrated for 18 h in RPMI 1640 medium 
containing 1% penicillin/streptomycin and 2% BSA (Sigma, St. Louis, MO). Immediately 
before injection, cells were harvested and resuspended in RPMI 1640 medium. As 
general procedure for in vivo macrophage-to-feces RCT studies, [3H]cholesterol-loaded 
macrophage foam cells were injected intraperitoneally into individually housed recipient 
mice. Plasma was collected at the indicated time points after macophage injection by 
retroorbital puncture and for the final blood draw by heart puncture. At the end of the 
experimental period, livers were harvested, snap-frozen in liquid nitrogen, and stored 
at −80°C until further use. Feces were collected continuously as indicated up to 48 h. 
Counts in plasma were assessed directly by liquid scintillation counting (Packard 1600CA 
Tri-Carb, Packard, Meriden, CT). To determine uptake of tracer into the liver and secretion 
into the feces, respective samples were processed as indicated below before scintillation 
counting. All obtained counts were expressed relative to the administered tracer dose.
Specifically, to study the effects of the APR on RCT, C57BL/6J mice were injected 
intraperitoneally with 75 μg lipopolysaccharide (LPS, Escherichia coli O111:B4, Sigma) 
in PBS, while controls received PBS injections shortly before receiving the labeled 
macrophage foam cells. LPS injection reduced food intake by 28% and feces production 
by 34%. For the subsequent experiment assessing the impact of SAA on macrophage-
to-feces RCT, C57BL/6J mice were injected with labeled macrophage foam cells on day 3 
after receiving AdSAA or the control adenovirus AdNull. To investigate the role of sPLA2 in 
RCT, sPLA2-transgenic mice were compared with C57BL/6J controls. To assess the impact 
of MPO on RCT, C57BL/6J mice received intravenously three consecutive injections in 6 
h intervals with either PBS (controls) or 50 µg/mouse purified MPO in 200 µl of 1 mM 
H2O2.

19 

3.2.5 Plasma lipid and lipoprotein analysis
Plasma total cholesterol and triglycerides were measured enzymatically using 
commercially available reagents (Wako Pure Chemical Industries, Neuss, Germany). To 
determine plasma HDL cholesterol levels, apolipoprotein (apo)B-containing lipoproteins 
were precipitated using 0.36% phosphotungstic acid (Sigma) and cholesterol content 
in the supernatant was determined as described above. HDL for efflux and cellular 
cholesterol uptake studies described below was isolated from patient plasma obtained at 
d0 and d21 by sequential ultracentrifugation (1.063 < d < 1.21) as described previously.15 

Pooled plasma samples from mice of the same experimental group were subjected to 
fast protein liquid chromatography (FPLC) gel filtration using a Superose 6 column (GE 
Healthcare, Uppsala, Sweden) as described.20 Samples were chromatographed at a flow 
rate of 0.5 ml/min, and fractions of 500 μl each were collected. Individual fractions were 
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assayed for cholesterol concentrations as described above. 

3.2.6 Determination of counts recovered within liver and feces
Counts within liver were determined following solubilization of the tissue (Solvable, 
Packard) exactly as previously reported.15 Counts recovered from a respective piece of 
liver were backcalculated to total liver mass. Fecal samples were dried, weighed, and 
thoroughly ground. Aliquots were separated into bile acid and neutral sterol fractions 
as previously published.16 Briefly, samples were first heated for 2 h at 80°C in alkaline 
methanol and then extracted three times with petroleum ether. In the top layer, counts 
within the neutral sterol fraction were determined by liquid scintillation counting, while 
counts incorporated into bile acids were assessed from the bottom layer. Counts recovered 
from the respective aliquots were related to the total amount of feces produced over the 
whole experimental period. 

3.2.7 In vitro efflux assays
Two sets of experiments were performed using either THP-1 cells or primary mouse 
peritoneal macrophages (see above). THP-1 human monocytes (ATCC via LGC Promochem) 
were grown in suspension culture in RPMI 1640 medium supplemented with 10% FBS, 
50 µM β-mercaptoethanol, and 1% penicillin/streptomycin until differentiation into 
macrophages by the addition of 100 ng/ml phorbol myristate acetate (PMA, Sigma). 
Differentiated THP-1 macrophages were loaded with 50 μg/ml acetylated LDL and 
3 μCi/ml [3H]cholesterol for 24 h followed by equilibration for 18 h as detailed above 
for peritoneal macrophages. Then cells were washed with PBS, and either 1% serum 
from patients and controls (THP-1 macrophages) or 50 µg protein/ml of isolated HDL 
(peritoneal macrophages) diluted in RPMI 1640 was added. After 24 h, the supernatant 
was taken off and radioactivity within the medium was determined by liquid scintillation 
counting. The cell layer was washed twice with PBS, then 0.1 M NaOH was added, plates 
were incubated for 30 min at room temperature, and the radioactivity remaining within 
the cells was assessed by liquid scintillation counting. Wells incubated with RPMI but 
without added serum or HDL were used as blanks to determine efflux not due to serum 
or HDL addition, and these values were subtracted from the respective experimental 
values. Efflux is given as the percentage of counts recovered from the medium in relation 
to the total counts present on the plate (sum of medium and cells). 

3.2.8 In vitro cholesterol uptake assays
HDL isolated from patient plasma by sequential ultracentrifugation (1.063 < d < 1.21) was 
labeled with the nonhydrolyzable trap label [3H]cholesteryl ether (Perkin Elmer) essentially 
as previously described.15 Cholesteryl ether behaves metabolically as cholesteryl ester;20 
however, by use of the ether bond resecretion by the cells is prevented. HepG2 cells 
were used as an established model for human hepatocytes and were cultured as 
detailed above except that 24 h before adding the labeled HDL preparations (50 µg HDL 
cholesterol/ml), 10% FBS was substituted by 10% lipoprotein-depleted serum. Labeled 
HDL preparations were then added to the cells in serum-free DMEM and incubations 
were continued for 6 h. Supernatants and cells were processed as detailed above for 
macrophages, and radioactivity within medium and cells was determined. Cellular uptake 
is expressed as the percentage of counts recovered from the cells in relation to the total 
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counts present on the plate (sum of medium and cells). Additional experiments were 
performed, in which HepG2 cells were treated for 24 h with a mixture of tumor necrosis 
factor-α (25 ng/ml), interleukin-1β (10 ng/ml) and interleukin-6 (500 pg/ml) (all from 
R and D Systems, Minneapolis, MN) and tracer uptake from healthy control HDL was 
determined essentially as outlined above. 

3.2.9 Western blotting
Expression of human SAA was checked by Western blot performed on plasma. Equal 
amounts of plasma were resolved by SDS-PAGE electrophoresis and blotted onto 
nitrocellulose (GE Healthcare Biosciences Corp., Piscataway, NJ). SAA was visualized 
using a commercially available monoclonal mouse anti-human SAA antibody (Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA) followed by the appropriate HRP-conjugated 
secondary antibody (GE Healthcare, Chalfont St Giles, UK). Western blots for different 
hepatic transport proteins involved in the biliary secretion process were carried out on 
liver plasma membranes prepared essentially as described.21 Protein concentrations 
were determined with the bicinchoninic acid assay (Pierce Biotechnology, Inc., Rockford, 
IL). Equal amounts of protein were resolved by SDS-PAGE electrophoresis and blotted 
onto nitrocellulose. Abcg5 was visualized using a rabbit anti-mouse Abcg5 antibody 
(kindly provided by Dr. Albert Groen, University Medical Center Groningen, The 
Netherlands) and Abcb11 (Bsep) was detected using a rabbit anti-rat Abcb11 antibody 
(a kind gift from Dr Bruno Stieger, University Hospital Zurich, Switzerland), followed by 
the appropriate HRP-conjugated secondary antibody (GE Healthcare). HRP was detected 
using chemiluminescence (ECL, GE Healthcare). Blots were quantitated using the freely 
available ImageJ software adjusting the background for the area size of each band and 
subtracting it from the respective bands. Results were normalized for the average of the 
control mice. 

3.2.10 Determination of plasma SAA, sPLA2, and MPO levels
Commercially available ELISA kits were used according to the manufacturer’s instructions 
to respectively determine human SAA (Biosupply, Bradford, UK), mouse SAA (BioSource, 
Camarillo, CA), sPLA2 (Cayman Chemicals, Ann Arbor, MI), mouse MPO (Hycult 
Biotechnology b.v., Uden, The Netherlands), and human MPO (R and D Systems) levels 
in plasma. Please note that although plasma MPO levels obtained with the human and 
mouse MPO-specific systems are comparable, this is not given for the mouse versus the 
human SAA-specific ELISA systems. 

3.2.11 MPO purification
Human MPO was isolated as described previously.22 Briefly, isolated human neutrophils 
were dissolved in cetylmethyl ammonium bromide (Sigma) and sonicated. The extract 
was absorbed to a concanavalin A sepharose gel (Pharmacia, Uppsala, Sweden) and eluted 
with α-methyl-D-mannoside (Sigma). The eluate was further purified on a Sephadex 
G100 gel (Pharmacia). The final human MPO preparation had an optical density ratio 
428/280 of 0.78 and was not contaminated with proteinase 3, elastase or lactoferrin as 
determined by antigen specific ELISAs. Analysis by gel electrophoresis showed specific 
bands for human MPO at 15, 38, and 58 kDa. 
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3.2.12 Analysis of gene expression by real-time quantitative PCR
Total RNA from mouse livers was isolated using Trizol (Invitrogen) and quantified with 
a NanoDrop ND-100 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, 
DE). cDNA synthesis was performed from 1 μg of total RNA. Real-time quantitative PCR 
was carried out on an ABI-Prism 7700 (Applied Biosystems, Foster City, CA) sequence 
detector with the default settings.21 PCR primers and fluorogenic probes were designed 
with the Primer Express Software (Applied Biosystems) and synthesized by Eurogentec 
(Seraing, Belgium). The mRNA expression levels presented were calculated relative to 
the average of the housekeeping gene cyclophilin and further normalized to the relative 
expression levels of the respective controls. 

3.2.13 Statistical analysis
Statistical analysis was carried out using the Statistical Package for the Social Sciences 
(SPSS, Inc., Chicago, IL). Values are expressed as means ± SEM. Paired or unpaired 
Student’s t-test was used as appropriate to assess statistical differences between groups. 
Statistical significance for all comparisons was assigned at P < 0.05. 

3.3 Results

3.3.1 Acute inflammation impairs macrophage cholesterol efflux to plasma and HDL in 
sepsis patients.
To assess the impact of acute inflammation in human patients on cholesterol efflux from 
macrophage foam cells, the first step in RCT, in vitro efflux experiments were performed. 
Blood samples were collected from sepsis patients on the day of admittance to the ICU 
(d0) and on day 21 following clinical recovery. Cholesterol efflux toward plasma was 
reduced by 73% in sepsis patients compared with matched healthy controls (P < 0.001, 
Figure 3.1A). After recovery, cholesterol efflux in the same patients improved significantly 
(P < 0.001) but was still lower than in controls (P < 0.05, Figure 3.1A). Because plasma HDL 
cholesterol levels are considerably lower in sepsis patients (Table 3.1), we next isolated 
HDL from patients and controls to delineate whether reduced efflux toward plasma might 
reflect decreased HDL levels or is due to altered acceptor properties of the HDL particle. 
Cholesterol efflux toward isolated HDL was also markedly impaired by acute sepsis 
compared with HDL from the same patients after recovery (P < 0.001, Figure 3.1B). Next, 
plasma levels of several acute phase proteins related to HDL metabolism were measured. 
Plasma SAA (P < 0.001), sPLA2 (P < 0.001), and MPO (P < 0.05) were significantly higher 
in sepsis patients than in controls (Table 3.1). After recovery from sepsis, plasma levels 
of sPLA2 and MPO returned to control values, whereas plasma levels of SAA at day 21 
remained still slightly elevated in patients compared with controls (P < 0.05, Table 3.1).

3.3.2 Acute inflammation decreases macrophage-to-feces RCT in vivo in mice.
Next we aimed to determine whether an acute inflammatory response would also 
translate into reduced RCT in vivo, using an established macrophage-to-feces RCT assay.23 

LPS injection increased plasma levels of SAA (24 h: 3685 ± 133, 48 h: 40 ± 3 μg/ml vs. 15 
± 2 μg/ml in the PBS controls) as well as MPO (48 h: 67 ± 4 vs. 145 ± 20 ng/ml, P < 0.01). 
Consistent with previous results,24 induction of the APR in mice did not result in significant 
changes in plasma total cholesterol (102 ± 7 vs. 112 ± 8 mg/dl, n.s.), HDL cholesterol (76 
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± 3 vs. 75 ± 10 mg/dl, n.s.) and non-HDL cholesterol (26 ± 3 vs. 37 ± 12 mg/dl, n.s.) levels 
48 h after LPS injection, reflected by only minor shifts in the plasma lipoprotein profile as 
determined by FPLC analysis (Figure 3.2A). On the other hand, plasma triglyceride levels 
increased significantly after LPS injection (40 ± 2 vs. 145 ± 36 mg/dl, P < 0.05). A single 
dose of LPS significantly decreased the movement of [3H]cholesterol toward plasma by 
33% at 6 h (P < 0.05, Figure 3.2B) and by 27% at 24 h after injection (P < 0.05), whereas 
counts within plasma were not different at 48 h compared with saline controls. [3H]
cholesterol tracer within liver was similar in both experimental groups (Figure 3.2C). In 
contrast, tracer recovery within feces was markedly reduced by LPS injection, both within 
the bile acid (P < 0.001) and the neutral sterol fraction (P < 0.001, Figure 3.2D). These 
data demonstrate, consistent with a previous report 25 that acute inflammation results in 
impaired RCT from macrophages to feces in vivo. 

3.3.3 Overexpression of human and mouse SAA has divergent effects on macrophage-
to-feces RCT in vivo.
SAA is an APP with apolipoprotein properties that preferentially associates with HDL.13, 24, 

26 To investigate whether SAA contributes to decreased RCT during the APR, human and 
mouse SAA were specifically overexpressed in the absence of generalized inflammation 
using recombinant adenoviruses. Human SAA overexpression did not impact on 
the plasma lipoprotein profile as revealed by FPLC analysis and also left plasma [3H]
cholesterol counts, liver counts, and tracer excretion into the feces essentially unchanged 
(Supplemental figure 3.I). Plasma levels of human SAA following recombinant adenovirus 
administration were 1020 ± 284 μg/dl at the 48 h time point. In contrast, mouse SAA 
overexpression increased LDL cholesterol in plasma (Figure 3.3A). Although plasma (Figure 
3.3B) and liver counts (Figure 3.3C) were not significantly affected, fecal [3H]cholesterol 
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Figure 3.1. Acute inflammation decreases macrophage cholesterol efflux in vitro toward plasma and HDL 
from sepsis patients. (A) Efflux from THP-1 macrophages loaded with [3H]labeled cholesterol and acetylated 
LDL toward 1% plasma for 24 h. (B) Efflux (24 h) from C57BL/6J thioglycollate-elicited peritoneal macrophages 
loaded with [3H]labeled cholesterol and acetylated LDL toward HDL (50 μg/ml) isolated by sequential 
ultracentrifugation. Experiments were performed as described under Materials and Methods. Data are given 
as means ± SEM. n = 10 for patients and n = 8 for controls. * indicates statistically significant differences from 
healthy controls (at least P < 0.05), and # indicates statistically significant differences from patients at day 21 (P 
< 0.001) as assessed by Student’s t-test. Day 0, patients with acute sepsis at the day of admittance to the ICU; 
day 21, the same patients following full recovery from sepsis 21 days after admittance.



tracer excretion was significantly decreased compared with control adenovirus-injected 
mice, indicating lower overall RCT in response to SAA overexpression (P < 0.05, Figure 
3.3D). Plasma mouse SAA levels in response to AdmSAA injection were 404 ± 96 μg/ml at 
the 48 h time point and 4.1-fold higher at the start of the experiment (0 h).

3.3.4 sPLA2 overexpression reduces cholesterol efflux toward plasma, but does not 
affect macrophage-to-feces RCT in vivo.
Similar to SAA, plasma sPLA2 levels are strongly elevated during human inflammation and 
sPLA2 has been shown to increase HDL catabolism in transgenic mice.15, 27 To explore the 
effects of sPLA2 on RCT, we used transgenic mice specifically overexpressing human sPLA2 
in the absence of systemic inflammation. These mice had on average 4.7-fold higher 
plasma sPLA2 levels compared with the septic patients, and were on the C57BL/6J genetic 
background that lacks endogenous expression of the murine enzyme due to a frameshift 
mutation.15 Consistent with previously published data,15 HDL cholesterol levels were lower 
in sPLA2 transgenic mice as revealed by FPLC analysis (Figure 3.4A). sPLA2 overexpression 

-  84  -

Chapter 3

Figure 3.2. Acute inflammation impairs macrophage-to-feces reverse cholesterol transport in vivo in mice. 
C57BL/6J mice received intraperitoneal injections of either 75 μg LPS/mouse or saline and [3H]cholesterol-
loaded primary mouse macrophage foam cells as detailed in Materials and Methods and were followed for 48 
h. (A) FPLC cholesterol profiles of pooled plasma samples after injection of either saline or LPS. The relative 
elution position of the different lipoprotein subclasses is indicated. (B) [3H]cholesterol appearance in plasma 
obtained 6, 24, and 48 h after macrophage administration. (C) [3H]cholesterol tracer within liver 48 h after 
macrophage administration. (D) [3H]tracer appearance in total feces collected continuously from 0 to 48 h after 
macrophage injection and separated into the bile acid and neutral sterol fractions as indicated. Data in B, C, 
and D are expressed as percentage of the injected tracer dose and are presented as means ± SEM. n = 5–6 for 
each group. * indicates statistically significant differences from saline controls (at least P < 0.05) as assessed by 
Student’s t-test.



decreased the appearance of [3H]cholesterol in plasma 6 h (P < 0.05, Figure 3.4B), 24 
h (P < 0.05) and 48 h (P < 0.05) after macrophage injection. There was no significant 
difference in the recovery of [3H]cholesterol within liver between sPLA2 transgenic mice 
and C57BL/6J controls (Figure 3.4C). Fecal tracer excretion within the bile acid fraction 
was lower in sPLA2 overexpressing mice (P < 0.05, Figure 3.4D), whereas tracer excretion 
within the neutral sterol fraction and total RCT remained essentially unchanged. These 
results indicate that sPLA2 expression might contribute to decreased cholesterol efflux in 
response to acute inflammation; however, sPLA2 has no effect on overall macrophage-to-
feces RCT during the APR. 

3.3.5 MPO decreases macrophage-to-feces RCT in vivo.
Plasma MPO levels increase during the APR, and MPO-mediated oxidative modifications 
of HDL apolipoproteins, especially apoA-I, have been shown to decrease macrophage 
cholesterol efflux.28, 29 First, the effect of genetic MPO deficiency on RCT under conditions 
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Figure 3.3. Mouse SAA overexpression in the absence of systemic inflammation decreases macrophage-to-
feces reverse cholesterol transport in vivo in mice. On day 3 after injection with either the control adenovirus 
AdNull or the mouse CE/J SAA expressing adenovirus AdmSAA C57BL/6J mice received [3H]cholesterol-loaded 
primary mouse macrophage foam cells as detailed in Materials and Methods and were followed for 48 h. (A) 
FPLC cholesterol profiles of pooled plasma samples after injection of either AdNull or AdmSAA. The relative 
elution position of the different lipoprotein subclasses is indicated. (B) [3H]cholesterol appearance in plasma 
obtained 6, 24, and 48 h after macrophage administration. (C) [3H]cholesterol tracer within liver 48 h after 
macrophage administration. (D) [3H]tracer appearance in total feces collected continuously from 0 to 48 h after 
macrophage injection and separated into the bile acid and neutral sterol fractions as indicated. Data in B, C, and 
D are expressed as percentage of the injected tracer dose and are presented as means ± SEM. n = 8 for each 
group. * indicates statistically significant differences from AdNull injected controls (at least P < 0.05) as assessed 
by Student’s t-test.



of acute inflammation was tested. RCT in LPS-injected MPO knockout mice tended to be 
increased, but did not differ significantly from RCT in LPS-injected controls (Supplemental 
figure 3.II). However, murine neutrophils have only 10–20% of the MPO present in 
the respective human cells,30, 31 so that, especially in the context of a full-blown APR, 
the relative contribution of MPO might be too small to result in a significant effect. 
Therefore, we next tested the impact of injecting purified human MPO on RCT. Human 
MPO administration in the absence of an APR increased plasma levels (527 ± 41 ng/
ml, P < 0.001), resulted in discrete changes of the plasma lipoprotein profile (Figure 
3.5A), and in the formation of higher molecular mass aggregates of apoA-I upon SDS-
PAGE electrophoresis consistent with oxidative modification of the HDL particle (data 
not shown).32 Although plasma total cholesterol levels decreased significantly in MPO-
injected mice (90 ± 2 vs. 80 ± 2 mg/dl, P < 0.05), levels of HDL cholesterol (54 ± 2 vs. 48 ± 5 
mg/dl) as well as non-HDL cholesterol (21 ± 1 vs. 20 ± 2 mg/dl) did not differ significantly 
between groups. Cholesterol tracer recovery in plasma was reduced in MPO-injected 
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Figure 3.4. sPLA2 overexpression in the absence of systemic inflammation does not affect macrophage-to-feces 
reverse cholesterol transport in vivo in mice. C57BL/6J mice and sPLA2 transgenic mice received [3H]cholesterol-
loaded primary mouse macrophage foam cells as detailed in Materials and Methods and were followed for 48 
h. (A) FPLC cholesterol profiles of pooled plasma samples in C57BL/6J mice and sPLA2 transgenic mice. The 
relative elution position of the different lipoprotein subclasses is indicated. (B) [3H]cholesterol appearance in 
plasma obtained 6, 24, and 48 h after macrophage administration. (C) [3H]cholesterol tracer within liver 48 h 
after macrophage administration. (D) [3H]tracer appearance in total feces collected continuously from 0 to 48 
h after macrophage injection and separated into the bile acid and neutral sterol fractions as indicated. Data in 
B, C, and D are expressed as percentage of the injected tracer dose and are presented as means ± SEM. n = 
5–6 for each group. * indicates statistically significant differences from wild-type controls (at least P < 0.05) as 
assessed by Student’s t-test.



mice at 6 h (Figure 3.5B) and 24 h (P < 0.05). Liver counts were not altered following 
MPO administration (Figure 3.5C). However, total [3H]cholesterol excretion into feces was 
significantly decreased in the mice injected with MPO compared with controls (P < 0.05, 
Figure 3.5D). This was mainly due to a decreased tracer recovery within fecal neutral 
sterols (P < 0.05), whereas tracer within fecal bile acids was not different between the 
experimental groups. These data show that MPO reduces macrophage-to-feces RCT in 
vivo, although quantitatively this effect is still substantially lower than the impact of the 
APR on RCT. 

3.3.6 Hepatic cholesterol uptake from acute phase HDL is not altered, but the hepatic 
gene expression profile in response to LPS indicates decreased biliary secretion. 
RCT comprises cholesterol efflux toward HDL in the periphery followed by hepatic uptake 
and excretion into bile. Because the action of three major secreted APPs does not fully 
explain decreased RCT during the APR, we next assessed whether hepatic cholesterol 
delivery from acute phase HDL might be impaired. Uptake of [3H]cholesteryl ether from 
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Figure 3.5. MPO impairs macrophage-to-feces reverse cholesterol transport in vivo in mice. C57BL/6J mice 
received [3H]cholesterol-loaded primary mouse macrophage foam cells and consecutive injections in 6 h 
intervals with either 50 µg/mouse purified MPO or vehicle for a total of 24 h as detailed in Materials and 
Methods. (A) FPLC cholesterol profiles of pooled plasma samples after injection of either vehicle or MPO. The 
relative elution position of the different lipoprotein subclasses is indicated. (B) [3H]cholesterol appearance in 
plasma obtained 6 and 24 h after macrophage administration. (C) [3H]cholesterol tracer within liver 24 h after 
macrophage administration. (D) [3H]tracer appearance in total feces collected continuously from 0 to 24 h after 
macrophage injection and separated into the bile acid and neutral sterol fractions as indicated. Data in B, C, 
and D are expressed as percentage of the injected tracer dose and are presented as means ± SEM. n = 6–7 for 
each group. * indicates statistically significant differences from vehicle controls (at least P < 0.05) as assessed 
by Student’s t-test.



acute phase HDL isolated from sepsis patients (d0) into HepG2 cells was not significantly 
different compared with HDL obtained after recovery (d21) (8.1 ± 0.7 vs. 7.2 ± 0.5%, 
n.s.). On the other hand, [3H]cholesteryl ether uptake from control HDL into HepG2 cells 
treated with a mixture of several pro-inflammatory cytokines was significantly increased 
(7.7 ± 0.3 vs. 9.8 ± 0.4%, P < 0.05). Because these data suggested that the hepatic 
cholesterol uptake step might not be impaired during inflammation, we next assessed 
the impact of the APR on the expression levels of key enzymes involved in conversion of 
cholesterol into bile acids as well as of transporters critical for the biliary secretion process. 
Hepatic mRNA expression of Cyp27a1, the initial enzyme in the alternative pathway of 
bile acid synthesis, was decreased by 67% in response to LPS (P < 0.001) whereas the 
expression of two other enzymes involved in bile acid synthesis, namely Cyp7a1, the rate-
limiting enzyme for the classic sterol-regulated pathway, and Cyp8b1, the key enzyme 
responsible for synthesis of cholic acid, was decreased, however, not significantly (Table 
3.2). Although Sr-b1 expression was not different between LPS-treated mice and saline 
controls, hepatic mRNA expression of Abcg5 (P < 0.05) and Abcg8 (P < 0.001), major 
transport proteins mediating biliary cholesterol secretion, was significantly decreased 
(Table 3.2). In addition, expression of Abcb11, an important bile acid export pump, was 
significantly reduced in response to LPS (P < 0.001), whereas the expression of Abcb4, 
which mediates biliary phospholipid secretion, was unaffected (Table 3.2). By Western 
blot (Supplemental figure 3.III) we confirmed that decreased hepatic mRNA expression 
during the APR also translates into reduced protein expression of Abcg5 by 65% (P < 0.05) 
and Abcb11 by 36% (P < 0.05). 
Taken together, these data indicate that coinciding with a substantial reduction in RCT 
acute inflammation significantly decreases the hepatic expression levels of key enzymes 
for bile acid synthesis as well as major transport proteins mediating the biliary secretion 
of bile acids and cholesterol. 

Table 3.2. Hepatic gene expression levels determined by quantitative real-time PCR in LPS-injected mice and 
controls.

Saline
(n = 6)

LPS
(n = 5)

Cyp27a1 1.00 ± 0.07   0.33 ± 0.10*

Cyp7a1 1.00 ± 0.14 0.67 ± 0.40      
Cyp8b1 1.00 ± 0.21 0.53 ± 0.29
Sr-b1 1.00 ± 0.05 0.85 ± 0.15
Abcg5 1.00 ± 0.03   0.62 ± 0.08*

Abcg8 1.00 ± 0.05   0.34 ± 0.05*

Abcb11 1.00 ± 0.06   0.32 ± 0.11*

Abcb4 1.00 ± 0.07 0.76 ± 0.17

mRNA expression levels were determined by real-time quantitative PCR in livers of C57BL/6J mice 48 h after 
the administration of either saline or LPS as described in Materials and Methods. Results are normalized to the 
expression of the housekeeping gene cyclophilin and are expressed relative to the respective controls. Data are  
given as means ± SEM. * Significantly different from saline controls (at least P < 0.05)
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3.4 Discussion

The results of this study demonstrate that acute inflammation impairs cholesterol efflux 
to plasma and HDL in patients and macrophage-to-feces RCT in vivo in mice. sPLA2 and 
MPO but not SAA contribute to reduced cholesterol efflux toward plasma. Although sPLA2 
does not represent the underlying basis for the diminished macrophage-to-feces RCT 
during inflammation, mouse SAA and MPO cause a limited though significant decrease 
in overall RCT. 
Inflammation is closely linked to atherosclerotic CVD on several levels. Chronic 
inflammatory diseases such as rheumathoid arthritis are typically associated with an 
increased CVD risk in patients,4, 33 and chronic inflammation causally contributes to 
atherogenesis in vivo in mouse models.10 On the other hand, plasma levels of several 
APPs are elevated in patients with atherosclerotic CVD and have been shown to possess 
a predictive value for future cardiovascular events.8, 9 In addition, acute inflammation 
impacts on lipid metabolism resulting, in humans, in characteristic changes that resemble 
a pro-atherogenic lipoprotein profile as it is found in CVD patients, namely reduced plasma 
HDL cholesterol levels and increased plasma triglycerides.11 In mice, the drop in plasma 
HDL levels in response to an inflammatory stimulus does not occur as pronounced as in 
humans and we previously demonstrated using lipoprotein kinetics that the catabolic 
rates of HDL apolipoproteins as well as HDL cholesteryl ester remain largely unaffected 
by acute inflammation.12 However, in wild-type mice, inflammation results in altered 
tissue uptake of HDL and its components, namely significantly increased HDL holoparticle 
catabolism by the liver and increased selective uptake of HDL cholesteryl ester by the 
adrenals.12 The adrenals use HDL-derived cholesterol for the production of steroid 
hormones, which represent an important contributing factor to increased survival during 
an acute infection.34, 35 Therefore, redistribution of HDL cholesterol during the APR might 
have proven beneficial during evolution and several APPs might have evolved to aid in 
directing this process. In addition, the strong decrease in RCT that we observed in response 
to LPS injection might serve the general purpose of preventing cholesterol loss from the 
body. While our experiments were in progress, another study was published confirming 
the basic finding of reduced RCT in response to inflammatory stimuli.35 With regard to 
the impact of inflammation on cholesterol efflux from macrophages, it also has been 
shown previously that LPS and pro-inflammatory cytokines downregulate the expression 
of the two key cholesterol efflux transporters ABCA1 and ABCG1 in macrophages.36, 37 

Furthermore, acute phase HDL was demonstrated to not be able to support cholesterol 
efflux as well as normal HDL.38-40 However, the differential contribution of distinct 
components of the APR to these results has not been addressed thus far. 
In an attempt to delineate the impact of several APPs on RCT in vivo, we first investigated 
the effect of isolated overexpression of human and mouse SAA in the absence of an 
APR using recombinant adenoviruses. In plasma, SAA is primarily associated with HDL 
and can comprise the main apolipoprotein of acute-phase HDL.41, 42 Although earlier 
reports suggested that SAA might displace apoA-I from the HDL particle,11, 43 thereby 
potentially accelerating the HDL catabolic rate, overexpression of SAA in vivo by means 
of a recombinant adenovirus showed no effect on HDL catabolism.24 However, SAA 
might change the functional properties of the HDL particle. Although consistent with the 
apolipoprotein structure of SAA, this APP is able to mobilize cholesterol from cells;44, 45 SAA 
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in the context of the HDL particle might reduce cholesterol efflux from macrophages.38, 

46 Scavenger receptor class B type I (SR-BI) mediated selective uptake from SAA-enriched 
HDL is reduced and lipid-free SAA competes with HDL for SR-BI binding, also resulting in 
decreased selective uptake rates in vitro.47 On the other hand, selective uptake from acute 
phase HDL containing high levels of SAA was also reported to increase.38 As exemplified 
in our study, human and mouse SAA might possess different metabolic properties in the 
context of a murine HDL particle. Although overexpression of human SAA had no impact 
on tracer appearance in plasma or RCT in vivo, overexpression of mouse SAA decreased 
overall RCT. 
sPLA2 is an APP with a major effect on HDL catabolism. Transgenic overexpression of 
human sPLA2 in C57BL/6J mice, a strain lacking the endogenous murine sPLA2 enzyme 
due to a frameshift mutation, enhances the catabolic rates of HDL cholesteryl ester as 
well as HDL apoA-I resulting in decreased plasma HDL levels.12, 15, 27 In addition, sPLA2 
appears to be a key factor mediating decreased HDL cholesterol levels in response 
to inflammation. Although LPS injection into wild-type or human apoA-I transgenic 
mice lacking the endogenous murine sPLA2 enzyme has relatively little effects on HDL 
cholesterol levels, LPS administration to the respective models expressing a human sPLA2 
transgene that is responsive to inflammatory stimuli results in a pronounced decrease in 
plasma HDL cholesterol.12, 26 Furthermore, we have also previously established that sPLA2 
significantly enhances the redistribution of HDL cholesterol during inflammation, namely 
causing a strong increase in cholesteryl ester uptake into the adrenals,12 most likely due 
to increased susceptibility of HDL cholesteryl ester within sPLA2-modified HDL toward SR-
BI-mediated selective uptake.21 Although our data indicate that sPLA2 reduces cholesterol 
efflux toward plasma and might thereby explain the finding of decreased efflux toward 
plasma from sepsis patients, sPLA2 overexpression does not affect overall in vivo RCT. 
These results are especially interesting given that transgenic overexpression of human 
sPLA2 in mice accelerates atherosclerotic lesion development, even on a chow diet,18, 48 
and that sPLA2 represents a strong CVD risk factor.49-51 

MPO is an enzyme released from activated neutrophils and monocytes during an 
inflammatory response and has been implicated in the oxidative modification of HDL 
apolipoproteins resulting in dysfunctional HDL particles.52, 53 MPO-modified apoA-I and 
HDL have a reduced ability to elicit cholesterol efflux from macrophages,28, 29 consistent 
with the decrease in tracer appearance in plasma in response to MPO injection observed 
in our current study. In addition, MPO decreases the ability of apoA-I to activate LCAT.54 

On the other hand, hypochlorite modification of HDL mimicking the enzymatic activity 
of MPO has been shown to also decrease SR-BI-mediated selective uptake from oxidized 
HDL.32 These MPO-induced changes have been suggested to translate into decreased RCT; 
however, to our knowledge, the present study is the first to demonstrate significantly 
reduced RCT in response to MPO using an integrated physiologically relevant in vivo RCT 
assay. In humans, reduced RCT might therefore conceivably represent a contributing 
factor to the tight association between plasma MPO levels and risk of atherosclerotic CVD 
in several population studies.52, 54, 55 However, in mice the absence of MPO did not affect 
RCT in response to an APR, pointing toward a different mechanistic basis for decreased 
RCT during LPS-induced inflammation in the murine model. 
Of note, mice do not express the cholesteryl ester transfer protein that plays an important 
role in human lipoprotein metabolism and also in RCT. Cholesteryl ester transfer protein 
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expression is downregulated by inflammation,56, 57 which conceivably might represent an 
additional factor impacting on RCT in humans that was not addressed in the present 
study. 
As a general scheme, our results suggest that plasma APPs contribute to a certain extent 
to decreased RCT during an APR but do not fully explain it. Rather, APPs appear to be 
responsible for preserving the cholesterol content of peripheral tissues by reducing 
efflux and for mediating the redistribution of tissue cholesterol uptake from lipoproteins, 
especially HDL. The liver apparently serves in the setting of the APR as a gatekeeper to 
prevent loss of sterols from the body. This is, on the one hand, achieved by downregulation 
of the enzymes required for the conversion of cholesterol to bile acids 58, 59 and on the 
other hand, by decreasing the expression of Abcg5/g8 and Abcb11, responsible for the 
largest part of biliary secretion of cholesterol and bile acids, respectively. The decreased 
expression of Abcg5 and Abcb11 on the mRNA and protein level observed in our study 
is consistent with previously published findings 35, 37 and translates also into an actual 
reduction in biliary secretion rates of cholesterol and bile acids during the APR in mice 
(unpublished observations). 
In summary, our data demonstrate that reduced cholesterol efflux observed in patients 
with acute inflammation could at least partially be attributed to increased plasma levels 
of sPLA2 and MPO. Although in mice, sPLA2 did not influence overall RCT, murine SAA and 
MPO injection resulted in a limited decrease in RCT from macrophages to feces in vivo. 
However, also reduced biliary secretion of bile acids and cholesterol by the liver appears 
to be a major contributing factor to decreased macrophage-to-feces RCT during the APR. 
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Supplemental figure 3.I. Human SAA overexpression in the absence of systemic inflammation does not 
affect macrophage-to-feces reverse cholesterol transport in vivo in mice. On day 3 after injection with either 
the control adenovirus AdNull or the human SAA1 expressing adenovirus AdSAA C57BL/6J mice received [3H]
cholesterol-loaded primary mouse macrophage foam cells as detailed in Materials and Methods and were 
followed for 48 h. (A) Western blot analysis for SAA protein in plasma 48 h after macrophage injection. (B) FPLC 
cholesterol profiles of pooled plasma samples after injection of either AdNull or AdhSAA. The relative elution 
position of the different lipoprotein subclasses is indicated. (C) [3H]cholesterol appearance in plasma obtained 
6, 24, and 48 h after macrophage administration. (D) [3H]cholesterol tracer within liver 48 h after macrophage 
administration. (E) [3H]-tracer appearance in total feces collected continuously from 0 to 48 h after macrophage 
injection and separated into the bile acid and neutral sterol fractions as indicated. Data in C, D, and E were 
initially expressed as percentage of the injected tracer dose, further normalized to the respective values of the 
controls and are presented as means ± SEM. n = 6 for each group. * indicates statistically significant differences 
from AdNull injected controls (at least P < 0.05) as assessed by Student’s t-test.
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Supplemental figure 3.II. Macrophage-to-feces reverse cholesterol transport in vivo is not altered in MPO 
knockout mice. MPO knockout mice and C57BL/6J controls received intraperitoneal injections of 75 μg LPS/
mouse and then [3H]cholesterol-loaded primary mouse macrophage foam cells as detailed in Materials and 
Methods and were followed for 48 h. (A) FPLC cholesterol profiles of pooled plasma samples in either C57BL/6 
controls or MPO knockout mice. The relative elution position of the different lipoprotein subclasses is indicated. 
(B) [3H]cholesterol appearance in plasma obtained 6, 24, and 48 h after macrophage administration. (C) [3H]
cholesterol tracer within liver 48 h after macrophage administration. (D) [3H]-tracer appearance in total feces 
collected continuously from 0 to 48 h after macrophage injection and separated into the bile acid and neutral 
sterol fractions as indicated. Data in B, C, and D are expressed as percentage of the injected tracer dose and are 
presented as means ± SEM. n = 6-8 for each group. * indicates statistically significant differences from saline 
controls (at least P < 0.05) as assessed by Student’s t-test.

Supplemental figure 3.III. Acute inflammation decreases the hepatic protein expression of Abcg5 and Abcb11 
in mice. Hepatic protein expression for Abcg5 (A) and Abcb11 (B) was determined by Western blot in mice 48 h 
after injection with either LPS (75 μg/mouse) or saline as detailed in Materials and Methods.
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Abstract

Background. Type 1 diabetes mellitus (T1DM) increases atherosclerotic cardiovascular 
disease; however, the underlying pathophysiology is still incompletely understood. We 
investigated whether experimental T1DM impacts HDL-mediated reverse cholesterol 
transport (RCT). 
Results. C57BL/6J mice with alloxan-induced T1DM had higher plasma cholesterol levels 
(P < 0.05), particularly within HDL, and increased hepatic cholesterol content (P < 0.001). 
T1DM resulted in increased bile flow (2.1-fold; P < 0.05) and biliary secretion of bile acids 
(BA, 10.5-fold; P < 0.001), phospholipids (4.5-fold; P < 0.001), and cholesterol (5.5-fold; P 
< 0.05). Hepatic cholesterol synthesis was unaltered, whereas BA synthesis was increased 
in T1DM (P < 0.001). Mass fecal BA output was significantly higher in T1DM mice (1.5-
fold; P < 0.05), fecal neutral sterol excretion did not change due to increased intestinal 
cholesterol absorption (2.1-fold; P < 0.05). Overall in vivo macrophage-to-feces RCT, using 
[3H]cholesterol-loaded primary mouse macrophage foam cells, was 20% lower in T1DM (P 
< 0.05), mainly due to reduced tracer excretion within BA (P < 0.05). In vitro experiments 
revealed unchanged cholesterol efflux toward T1DM HDL, whereas scavenger receptor 
class BI-mediated selective uptake from T1DM HDL was lower in vitro and in vivo (HDL 
kinetic experiments) (P < 0.05), conceivably due to increased glycation of HDL-associated 
proteins (+65%, P < 0.01). 
Conclusion. In summary, despite higher mass biliary sterol secretion T1DM impairs 
macrophage-to-feces RCT, mainly by decreasing hepatic selective uptake, a mechanism 
conceivably contributing to increased cardiovascular disease in T1DM. 
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4.1 Introduction

Atherosclerotic cardiovascular disease (CVD) is a predominant cause of morbidity 
and mortality in type 1 diabetes mellitus (T1DM) patients.1, 2 Compared with subjects 
without diabetes, T1DM confers a 7-fold increase in the risk of fatal CVD.2 However, 
the mechanisms underlying accelerated atherosclerosis in T1DM are still incompletely 
understood. 
Plasma HDL cholesterol levels are inversely related to the incidence of CVD.3, 4 The 
role of this lipoprotein in promoting reverse cholesterol transport (RCT) is currently 
regarded as the main established atheroprotective property of HDL.5, 6 The critical steps 
in RCT comprise initial efflux of excess cholesterol from lipid-laden macrophages within 
atherosclerotic lesions toward HDL for transport through the plasma compartment, 
followed by the subsequent uptake of cholesterol into the liver for excretion into bile and 
feces.7, 8 
Although T1DM has been associated with changes in sterol metabolism,9-13 no data are 
currently available addressing the impact of T1DM on RCT. Therefore, this study explored 
the pathophysiological consequences of experimental T1DM on overall RCT as well as 
the individual steps involved in this process. Our data demonstrate that macrophage-
specific RCT is decreased in T1DM despite increased biliary sterol secretion as well as 
increased fecal excretion of bile acids (BAs). Mechanistically, we identified decreased 
hepatic selective uptake of cholesterol from glycated HDL as a major underlying factor 
for reduced RCT in T1DM. 

4.2 Materials and Methods

4.2.1 Animals
C57BL/6J mice were obtained from Charles River (Sulzfeld, Germany). The animals were 
caged in animal rooms with alternating 12 h periods of light (from 7.00 AM to 7.00 PM) 
and dark (from 7.00 PM to 7.00 AM), with ad libitum access to water and mouse chow 
diet (Arie Blok, Woerden, The Netherlands). Animal experiments were performed in 
conformity with PHS policy and in accordance with the national laws. All protocols were 
approved by the responsible ethics committee of the University of Groningen. 

4.2.2 Induction of type 1 diabetes mellitus
To induce experimental T1DM, wild-type C57BL/6J were injected intravenously with a 
single dose of alloxan (65 mg/kg body weight, Sigma, St. Louis, MO), while control mice 
received an equivalent volume of PBS. Blood glucose levels were assessed by tail bleeding 
using a Onetouch Ultra glucosemeter (LifeScan Benelux, Beerse, Belgium). Plasma insulin 
levels were determined using an ultrasensitive mouse insulin ELISA kit (Alpco Diagnostics, 
Salem, NH). 

4.2.3 Plasma lipid and lipoprotein analysis
Plasma total cholesterol, triglycerides, free fatty acids, and phospholipids were 
measured enzymatically using commercially available reagents (Roche Diagnostics, 
Basel, Switzerland and Wako Pure Chemical Industries, Neuss, Germany). Pooled plasma 
samples from mice of the same experimental group were subjected to fast protein 
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liquid chromatography (FPLC) gel filtration using a Superose 6 column (GE Healthcare, 
Uppsala, Sweden) as described.14 Samples were chromatographed at a flow rate of 0.5 
ml/min, and fractions of 500 μl each were collected. Individual fractions were assayed for 
cholesterol concentrations as described above. Plasma plant sterol levels were measured 
by gas chromatography exactly as previously published.15 

4.2.4 Analysis of liver lipid composition
To determine hepatic cholesterol, phospholipid, and triglyceride content, liver tissue 
was homogenized, and lipids were extracted following the general procedure of Bligh 
and Dyer as described.16 Triglycerides and cholesterol were measured using commercial 
kits as detailed above. Phospholipid content of the liver was determined essentially as 
published previously.16 

4.2.5 Bile collection and assessment of biliary excretion of cholesterol, phospholipids, 
and BAs
Continuous bile cannulation was performed on day 10 after injection with either alloxan 
or PBS. Bile was collected during 30 min under Hypnorm (fentanyl/fluanisone; 1 ml/
kg) and diazepam (10 mg/kg) anesthesia using a humidified incubator to maintain body 
temperature. Bile production was determined gravimetrically. Biliary bile salt, cholesterol, 
and phospholipid concentrations were determined, and the respective biliary excretion 
rates were calculated as previously described.17 

4.2.6 Fecal BA and neutral sterol analysis
Feces of individually housed mice were collected over a period of 24 h, starting on day 
8. Fecal samples were dried, weighed, and thoroughly ground. Aliquots were used for 
determination of BAs and neutral sterols by gas liquid chromatography as described.17 

4.2.7 In vivo reverse cholesterol transport study
In vivo macrophage-to-feces RCT studies were performed from day 9 to 11 after 
either alloxan or saline injection following a previously described protocol.18 Briefly, 
wild-type C57BL/6J donor mice were injected intraperitoneally with 1.0 ml of 4% 
Brewer thioglycollate medium (Becton Dickinson, Le Point de Claix, France). On day 4 
after thioglycollate injection, peritoneal macrophages were harvested as described.19 
Macrophages were plated in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented 
with 10% FBS (HyClone, Logan, UT) and penicillin (100 U/ml)/streptomycin (100 μg/ml) 
(Invitrogen) and were allowed to adhere for 4 h at 37°C under 5% CO2 humidified air. Then 
nonadherent cells were removed by washing twice with PBS followed by loading of the 
macrophages with 50 μg/ml acetylated LDL and 3 μCi/ml [3H]cholesterol (Perkin Elmer, 
Boston, MA) for 24 h. After washing twice with PBS, the macrophages were equilibrated 
for 18 h in RPMI 1640 medium containing penicillin (100 U/ml)/streptomycin (100 μg/ml) 
and 2% BSA (Sigma). Immediately before injection, cells were harvested and resuspended 
in RPMI 1640 medium. The resuspended [3H]cholesterol-loaded macrophage foam cells 
(2 million per mouse) were injected intraperitoneally into individually housed recipient 
mice. Plasma was collected at the indicated time points after macrophage injection by 
retroorbital puncture and for the final blood draw by heart puncture. At the end of the 
experimental period, livers were harvested, snap-frozen in liquid nitrogen, and stored at 
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−80°C. Feces were collected continuously up to 48 h. Counts in plasma were assessed 
directly by liquid scintillation counting (Packard 1600CA Tri-Carb, Packard, Meriden, 
CT). Counts from a respective piece of liver were determined following solubilization of 
the tissue (Solvable, Packard) exactly as previously reported 20 and were related to total 
liver mass. Fecal samples were dried, weighed, and thoroughly ground. Aliquots were 
separated into BA and neutral sterol fractions as previously published.17 Briefly, samples 
were first heated for 2 h at 80°C in alkaline methanol and then extracted three times 
with petroleum ether. In the top layer, counts within the neutral sterol fraction were 
determined by liquid scintillation counting, whereas counts incorporated into BAs were 
assessed from the bottom layer. Counts recovered from the respective aliquots were 
related to the total amount of feces produced over the whole experimental period. All 
obtained counts were expressed relative to the administered tracer dose.

4.2.8 Determination of fractional intestinal cholesterol absorption
Fractional cholesterol absorption was determined using a dual isotope method essentially 
as described.21 Briefly, mice received an intravenous (i.v.) dose of 0.3 mg cholesterol-D7 
dissolved in 20% Intralipid (Fresenius Kabi, Den Bosch, The Netherlands) and an oral dose 
of 0.6 mg cholesterol-D5 dissolved in medium-chain triglyceride oil. Blood spots were 
collected from the tail on filter paper at t = 0, 3, 6, 12, 24, 48, and 72 h. Cholesterol 
was extracted from blood spots using 95% ethanol-acetone (1:1). After an overnight 
derivatization with N,O-bis-(trimethyl)trifluoroacetamide and trimethylchlorosilane, 
isotope enrichments were determined by GC/MS. Fractional cholesterol absorption was 
calculated as the ratio of the area under the enrichment curves derived from the oral 
(cholesterol-D5) and i.v. (cholesterol-D7) administration, corrected for the respective 
administered doses. 

4.2.9 In vitro efflux assay
HDL for efflux and cellular cholesterol uptake studies described below was isolated from 
mouse plasma by density gradient ultracentrifugation as described previously.20 
THP-1 human monocytes (ATCC via LGC Promochem, Teddington, UK) were grown in 
suspension culture in RPMI 1640 medium supplemented with 10% FBS and penicillin (100 
U/ml)/streptomycin (100 μg/ml) until differentiation into macrophages by the addition 
of 100 nM PMA (Sigma). Differentiated THP-1 macrophages were loaded with 50 μg/ml 
acetylated LDL and 1 μCi/ml [3H]cholesterol for 24 h followed by equilibration for 18 h as 
previously published.18 Then cells were washed with PBS and 50 μg protein/ml of isolated 
mouse HDL was added. After 24 h, radioactivity within the medium was determined 
by liquid scintillation counting. The cell layer was washed twice with PBS, whereafter 
0.1 M NaOH was added. Plates were incubated 30 min at room temperature, and the 
radioactivity remaining within the cells was assessed by liquid scintillation counting. 
Wells incubated with RPMI without added HDL were used as blanks to determine HDL-
independent efflux, and these values were subtracted from the respective experimental 
values. Efflux is given as the percentage of counts recovered from the medium in relation 
to the total counts present on the plate (sum of medium and cells). 

4.2.10 In vitro selective cholesterol uptake assay
HDL was labeled with the nonhydrolyzable trap label [3H]cholesteryl ether (Perkin 
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Elmer) essentially as described previously.22 Cholesteryl ether behaves metabolically 
as cholesteryl ester,14 however, because of the ether bond resecretion by the cells is 
prevented. To assess selective uptake, ldlA[mSR-BI] cells (kindly provided by. Dr. Monty 
Krieger, Dept. of Biology, Massachusetts Institute of Technology, Cambridge, MA) were 
used, a CHO-derived cell line lacking LDL receptor expression that was in addition stably 
transfected with the mouse scavenger receptor class B type I (SR-BI) cDNA. Cells were 
cultured as described except that 24 h before adding the labeled HDL preparations (50 
μg HDL cholesterol/ml) 10% FBS was substituted by 10% lipoprotein-depleted serum.16 
Labeled HDL preparations were then added to the cells in serum-free DMEM, and 
incubations were continued for 6 h. Supernatants and cells were processed as detailed 
above for macrophages, and radioactivity within medium and cells was determined. 
Cellular uptake is expressed as the percentage of counts recovered from the cells in 
relation to the counts present on the plate (sum of medium and cells). 

4.2.11 Determination of HDL glycation
The extent of HDL glycation was determined using an enzymatic fructosamine assay 
(Diazyme, Dresden, Germany) according to the manufacturer’s protocol. Mouse HDL 
was isolated by ultracentrifugation as described above, and 40 μg of total protein from 
respective HDL preparations was used in the assay. 

4.2.12 In vivo HDL kinetics studies
HDL kinetics studies were performed essentially as published previously.16, 20, 22 Autologous 
HDL was isolated by ultracentrifugation from pooled plasma of either control or T1DM 
mice (density 1.063 < d < 1.21) and dialyzed extensively against sterile PBS containing 
0.01% EDTA. HDL was then labeled with the respective trap labels 125I-tyramine-cellobiose 
and cholesteryl hexadecyl ether (cholesteryl-1,2,-3H; Perkin Elmer Life Sciences). Then 0.4 
µCi of 125I and 0.7 million dpm of the 3H tracer were injected into the tail veins of fasted 
control and T1DM mice. Blood samples were obtained by retroorbital bleeding at 5 min, 
1 h, 3 h, 6 h, 11 h, and 24 h after injection. Plasma decay curves for both tracers were 
generated by dividing the plasma radioactivity at each time point by the radioactivity at 
the initial 5-min time point after tracer injection and used to calculate fractional catabolic 
rates after fitting to a bicompartmental model using the SAAM II program.16 Hepatic 
uptake of HDL apolipoproteins (125I) and HDL-CEs (3H-cholesteryl ether) was calculated by 
expressing the counts recovered in liver as a percentage of the injected dose, which was 
calculated by multiplying the initial plasma counts (5 min time point) with the estimated 
plasma volume (3.5% of total body weight). Selective uptake into liver was determined 
by subtracting the percentage of the injected dose of 125I-HDL recovered in liver from the 
percentage of the injected dose of 3H-HDL-CE. 

4.2.13 Western blotting
Western blots for SR-BI were carried out on total liver homogenates as well as on hepatic 
membrane fractions prepared essentially as described.16 Protein concentrations were 
determined with the bicinchoninic acid (BCA) assay (Pierce Biotechnology, Inc., Rockford, 
IL). Equal amounts of protein were separated by SDS-PAGE electrophoresis and blotted 
onto nitrocellulose. SR-BI was visualized using a commercially available goat anti-mouse 
SR-BI antibody (Novus Biologicals, Littleton, CO), followed by the appropriate HRP-
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conjugated secondary antibody. HRP was detected using chemiluminescence (ECL, GE 
Healthcare). Quantitation was carried out using the freely available ImageJ software, 
adjusting the background for the area size of each band and subtracting it from the 
respective bands. Results were normalized for the average of the control mice. 

4.2.14 Analysis of gene expression by real-time quantitative PCR
Total RNA from mouse livers was isolated using Trizol (Invitrogen) and quantified with a 
NanoDrop ND-100 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE). 
cDNA synthesis was performed from 1 μg of total RNA using reagents from Invitrogen. 
Real-time quantitative PCR was carried out using an ABI-Prism 7700 (Applied Biosystems, 
Foster City, CA) fast PCR system with the default settings.16 Multi-exon spanning PCR 
primers and fluorogenic probes were designed with the Primer Express Software 
(Applied Biosystems) and synthesized by Eurogentec (Seraing, Belgium). The mRNA 
expression levels presented were calculated relative to the average of the housekeeping 
gene cyclophilin and further normalized to the relative expression levels of the respective 
controls. 

4.2.15 Statistical analysis
Statistical analysis was carried out using the Statistical Package for the Social Sciences 
(SPSS, Inc., Chicago, IL). Values are expressed as means ± SEM. Unpaired Student’s t-test 
was used to assess statistical differences between groups. Statistical significance for all 
comparisons was assigned at P < 0.05. 

4.3 Results

4.3.1 Plasma cholesterol levels and liver cholesterol content are increased in type 1 
diabetic mice.
Mice treated with alloxan became severely hyperglycemic within 2 days after injection 
and remained diabetic throughout the 11 days of the experiment (P < 0.001, Table 4.1). 
Consistent with these results, blood HbA1c levels were significantly increased in alloxan-
injected mice on day 10 (P < 0.001, Table 4.1). The striking decrease in plasma insulin 
levels (P < 0.001, Table 4.1) confirmed alloxan-induced destruction of pancreatic β-cells. 
Plasma total cholesterol was increased in diabetic mice (P = 0.01, Table 4.1). FPLC profiles 
showed an overall increase in HDL cholesterol levels and also the appearance of larger 
HDL particles in the diabetic group (Figure 4.1). Plasma triglycerides were higher in 
diabetic mice compared with controls (P < 0.01, Table 4.1), whereas phospholipid and 
free fatty acid levels remained unchanged (Table 4.1). 
Body weight (BW) in diabetic mice was lower than in controls (P < 0.001, Table 4.1). 
Although absolute liver weight was not different between the groups, liver weight 
relative to body weight was increased in T1DM mice (P < 0.001, Table 4.1). Hepatic 
cholesterol content was 22% higher in the diabetic group (P < 0.001, Table 4.1), whereas 
liver triglycerides and phospholipids were not affected (Table 4.1). 
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Table 4.1. Plasma and liver parameters in mice on day 10 after injection with alloxan or PBS. 

PBS
(n = 6-8)

Alloxan 
(n = 6-8)

Plasma parameters
Glucose (mmol/l) 8.4 ± 0.2 >30
HbA1c (%) 5.0 ± 0.1 8.2 ± 0.3‡

Insulin (ng/ml) 1.24 ± 0.06 0.19 ± 0.03‡

Cholesterol (mg/dl) 85 ± 3 102 ± 5§

Triglycerides (mg/dl) 47 ± 6 85 ± 10†

Phospholipids (mg/dl) 199 ± 4 214 ± 11
Free fatty acids (mmol/l) 0.84 ± 0.17 0.70 ± 0.16
Body weight and liver parameters
Body weight (g) 24.5 ± 0.4 20.5 ± 0.7‡

Liver weight (g) 1.13 ± 0.03 1.18 ± 0.06
Liver/body weight ratio 0.045 ± 0.001 0.060 ± 0.002‡

Liver cholesterol (µmol/g) 4.6 ± 0.1 5.6 ± 0.1‡

Liver triglycerides (µmol/g) 4.9 ± 0.9 2.8 ± 0.9
Liver phospholids (µmol/g) 34.0 ± 1.3 34.0 ± 0.5

Data are given as means ± SEM. § P < 0.05, † P < 0.01, ‡ P < 0.001 each compared to PBS controls.

4.3.2 Biliary cholesterol and BA secretion are increased in type 1 diabetic mice.
Continuous bile cannulation was performed to assess the impact of T1DM on biliary 
sterol secretion. Bile flow was 2.1-fold increased (2.67 ± 0.36 vs. 1.25 ± 0.11 μl/min, P < 
0.01, Figure 4.2A) in diabetic mice. Furthermore, biliary BA secretion (2333 ± 354 vs. 223 
± 13 nmol/min/100 g BW, P < 0.001) was 10.5-fold increased, whereas biliary pospholipid 
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Figure 4.1. T1DM mice have increased plasma HDL cholesterol levels. Pooled plasma samples (n = 6 mice per 
group) from mice of the same experimental group were subjected to fast protein liquid chromatography (FPLC) 
gel filtration using a Superose 6 column as detailed in Materials and Methods. Subsequently, individual fractions 
were assayed for cholesterol concentrations. The black line shows the cholesterol profile of the PBS control 
mice and the dashed line the cholesterol profile of the alloxan-injected mice.



(103.2 ± 14.9 vs. 23.0 ± 1.6 nmol/min/100 g BW, P < 0.001) and cholesterol secretion 
(11.73 ± 2.36 vs. 2.15 ± 0.17 nmol/min/100 g BW, P < 0.01) were 4.5-fold and 5.5-fold 
higher in the T1DM group, respectively (Figure 4.2B–D). 
Fecal BA excretion was significantly higher in diabetic mice (2.85 ± 0.20 vs. 2.01 ± 0.12 
μmol/day, P < 0.01, Figure 4.3A). However, fecal neutral sterol excretion did not change 
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Figure 4.2. T1DM mice have increased biliary sterol secretion. Continuous bile cannulation was performed on 
day 10 after injection with either alloxan (n = 5) or PBS (n = 6). Bile was collected during 30 min. Bile production 
and biliary bile acid, phospholipid, and cholesterol concentrations were determined. These data were used to 
calculate bile flow (A) and biliary bile acid (B), phospholipid (C), and cholesterol (D) secretion rates, respectively. 
Data are given as means ± SEM. ** P < 0.01, *** P < 0.001 compared with PBS-injected control mice 

Figure 4.3. Fecal bile acid excretion is increased in T1DM mice, while fecal neutral sterol excretion is unaltered. 
Feces of individually housed mice (n = 8 per group) were collected over a period of 24 h, starting on day 8 after 
alloxan or PBS injection. Fecal samples were dried, weighed, and thoroughly ground. Aliquots were used for 
determination of bile acids (A) and neutral sterols (B) by gas liquid chromatography as detailed in Materials and 
Methods. Data are given as means ± SEM. ** P < 0.01 compared with PBS-injected control mice.



significantly (4.04 ± 0.28 vs. 3.46 ± 0.23 μmol/day, P = 0.13, Figure 4.3B), conceivably 
attributable to increased intestinal cholesterol absorption as indicated by higher plasma 
campesterol/cholesterol ratios in T1DM mice compared with controls (12.5 ± 1.1 vs. 8.4 
± 0.4 × 10−3, P < 0.01) as well as by a 2.1-fold higher intestinal fractional cholesterol 
absorption in direct measurements (74 ± 12 vs. 35 ± 8%, P < 0.05). 

Table 4.2.  Hepatic mRNA expression levels at day 10 after injection with alloxan or PBS. 

PBS
(n = 6)

Alloxan
(n = 5)

Abcg5 1.00 ± 0.08  1.34 ± 0.09§

Abcg8 1.00 ± 0.03  1.33 ± 0.08†

Abcb4 1.00 ± 0.05  1.19 ± 0.06§

Abcb11 1.00 ± 0.02 0.93 ± 0.07
Hmgcr 1.00 ± 0.08 1.08 ± 0.22
Cyp7a1 1.00 ± 0.29  8.71 ± 2.16†

Cyp8b1 1.00 ± 0.11  1.69 ± 0.27§

Expression levels were normalized to the housekeeping gene cyclophilin and further normalized to the mean 
expression levels of the PBS control group. Data are given as means ± SEM. § P < 0.05, † P < 0.01 each compared 
with PBS controls.

4.3.3 Hepatic gene expression analysis indicates increased BA synthesis in type 1 
diabetic mice.
The hepatic expression of the major transporters for biliary cholesterol, ATP-binding 
cassette transporter G5 (Abcg5) and Abcg8 was increased by 34% (P < 0.05) and 33% (P 
< 0.01), respectively (Table 4.2). The expression of the biliary phospholipid transporter 
Abcb4 (Mdr2) was increased by 19% (P < 0.05), whereas the expression of the BA 
transporter Abcb11 (Bsep) was not different (Table 4.2). The expression of HMG-CoA 
reductase (Hmgcr) remained unchanged, indicating that cholesterol synthesis rates were 
not altered in T1DM mice. Identical plasma lathosterol/cholesterol ratios in T1DM mice 
and controls as measure of endogenous cholesterol synthesis rates further supported 
this conclusion (1.6 × 10−4 ± 0.2 × 10−4 vs. 1.6 × 10−4 ± 0.2 × 10−4). However, a 9-fold (P < 
0.01) increase in the expression of Cyp7a1 and a 1.7-fold elevated expression of Cyp8b1 
(P < 0.05) indicated increased BA synthesis in diabetic mice. 

4.3.4 Macrophage-to-feces RCT is decreased in type 1 diabetic mice.
Biliary sterol secretion, either as free cholesterol or after metabolic conversion to BAs, is 
a critical step in RCT.7, 8 Therefore, a macrophage-to-feces RCT experiment was performed 
to investigate whether increased biliary sterol secretion in diabetic mice would translate 
into increased RCT. Following intraperitoneal injection with [3H]cholesterol-loaded 
macrophage foam cells, counts recovered from plasma tended to be higher in diabetic 
mice compared with controls (3.13 ± 0.46 vs. 2.21 ± 0.19% of injected dose, P = 0.07 at 
48 h, Figure 4.4A). The amount of label present within the liver at time of sacrifice did not 
differ between the groups (Figure 4.4B). Surprisingly, despite the increased mass biliary 
sterol secretion, overall macrophage-to-feces RCT was reduced by 20% in diabetic mice 
compared with controls (9.23 ± 0.79 vs. 11.54 ± 0.61% of injected dose, P < 0.05, Figure 
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4.4C). This difference was mainly due to a decreased amount of label excreted within the 
fecal BA fraction of T1DM mice (7.08 ± 0.77 vs. 9.11 ± 0.46% of injected dose, P < 0.05, 
Figure 4.4C), whereas label recovered within the fecal neutral sterol fraction was not 
different between groups (Figure 4.4C). 

4.3.5 The efflux capacity of HDL is not affected in type 1 diabetic mice.
Glycation of apoA-I has been associated with reduced functionality in cholesterol efflux 
assays.23 Thus, we first determined whether alloxan-induced T1DM results in increased 
glycation of HDL proteins. HDL from diabetic mice was more glycated compared with 
control HDL as judged by a significant increase in fructosamine residues (83 ± 3 vs. 50 
± 6 nmol/mg protein, P < 0.01, Figure 4.5A). Next, we investigated whether increased 
glycation of HDL particles would translate into altered cholesterol efflux from [3H]
cholesterol-loaded macrophage foam cells toward these particles as a potential 
mechanism explaining decreased macrophage-to-feces RCT in T1DM mice. However, the 
amount of labeled cholesterol effluxed in vitro from macrophage foam cells toward either 
control HDL or HDL isolated from diabetic mice did not differ (Figure 4.5B), indicating that 
changes in the efflux capacity of HDL do not represent the underlying mechanism for 
decreased RCT in T1DM mice. 

4.3.6 Uptake of HDL cholesterol by the liver is impaired in type 1 diabetic mice.
Hepatic uptake of HDL cholesterol is another key process in RCT and impaired uptake 
of HDL cholesterol by the liver would offer an alternative explanation for decreased 
macrophage-to-feces RCT in diabetic mice. Therefore, the hepatic expression of the 
selective uptake transporter for HDL cholesterol, SR-BI, was investigated. Although the 
mRNA expression of SR-BI was 22% higher in diabetic mice compared with controls (P 
< 0.05, Figure 4.6A), neither total nor membrane-associated SR-BI protein expression 
was different between groups (Figure 4.6B). Besides the expression of SR-BI, a reduced 
affinity of the ligand, namely the HDL particle, could also impair hepatic selective uptake 
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Figure 4.4. Macrophage-to-feces reverse cholesterol transport is decreased in T1DM mice. On day 9 after 
injection with either PBS (n = 8) or alloxan (n = 7), individually housed mice were injected intraperitoneally with 
2 million [3H]cholesterol-loaded macrophage foam cells per mouse. Plasma was collected at the indicated time 
points after macrophage injection, and counts were assessed by liquid scintillation counting at the indicated 
time points (A). At the end of the experimental period, livers were harvested, snap-frozen in liquid nitrogen, 
and stored at −80°C. Counts in a weighed liver sample were determined following solubilization of the tissue 
and related to total liver mass (B). Feces were collected continuously up to 48 h and were dried, weighed, 
and thoroughly ground. Aliquots were separated into bile acid and neutral sterol fractions as detailed in 
Materials and Methods, and counts recovered from the respective aliquots were related to the total amount 
of feces produced over the whole experimental period (C). All obtained counts were expressed relative to the 
administered tracer dose. Data are given as means ± SEM. * P < 0.05 compared with PBS-injected control mice.



of HDL cholesterol. Selective uptake from T1DM HDL into ldlA[mSR-BI] cells, an in vitro 
model system for SR-BI-mediated selective uptake of cholesterol from HDL, was reduced 
by 41% (18.3 ± 2.9 vs. 31.2 ± 2.8%, P < 0.05, Figure 4.6C). 
To investigate whether reduced hepatic selective uptake also occurs in vivo in T1DM 
mice, a series of HDL kinetic studies was performed. Whereas the HDL protein turnover 
did not differ between control and T1DM mice (0.098 ± 0.009 vs. 0.089 ± 0.006 pools/h, 
n.s., Figure 4.6D), the HDL-CE fractional catabolic rate was significantly lower in diabetic 
animals (0.169 ± 0.005 vs. 0.131 ± 0.006 pools/h, P < 0.01, Figure 4.6D), indicating reduced 
whole body selective uptake. Hepatic uptake of HDL proteins was similar in controls and 
T1DM mice (26.4 ± 2.6 vs. 23.8 ± 2.3%, n.s., Figure 4.6E), however, uptake of HDL-CE was 
lower in T1DM than controls (46.0 ± 2.4 vs 36.6 ± 2.3%, P < 0.05, Figure 4.6E) translating 
into a significant reduction of hepatic selective uptake under diabetic conditions (19.6 
± 1.9 vs 12.8 ± 0.9%, P < 0.05, Figure 4.6E). These combined data demonstrate that 
impaired hepatic selective uptake of cholesterol from T1DM HDL particles occurs also in 
vivo and indicate that this mechanism contributes to reduced in vivo RCT in T1DM mice.

4.4 Discussion 

Our data demonstrate that experimental T1DM results in a decrease in macrophage-to-
feces RCT despite increased biliary sterol secretion rates. To delineate the underlying 
mechanism of this finding, our study explored the impact of T1DM on key steps 
relevant for RCT. Although cholesterol efflux toward glycated HDL was not impaired, 
the functionality of glycated HDL in SR-BI-mediated selective uptake was significantly 
decreased, conceivably representing a major contributing factor to reduced RCT in T1DM 
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Figure 4.5. HDL from T1DM mice is glycated but HDL-mediated efflux from macrophage foam cells remains 
unchanged. HDL was isolated from mice injected with either PBS or alloxan, and fructosamine residues were 
determined (n = 4 per group) as measure of HDL glycation (A). Differentiated THP-1 macrophages were loaded 
with 50 μg/ml acetylated LDL and 1 μCi/ml [3H]cholesterol as detailed in Materials and Methods. Subsequently, 
cells were washed with PBS and 50 μg protein/ml of isolated mouse HDL was added (n = 4 per group). After 24 
h, radioactivity within the medium was determined by liquid scintillation counting. The cell layer was washed 
twice with PBS, whereafter 0.1 M NaOH was added. Plates were incubated for 30 min at room temperature, 
then radioactivity remaining within the cells was assessed. HDL-independent efflux was calculated from wells 
incubated with RPMI without added HDL and these values were subtracted from the respective experimental 
values. Efflux is given as the percentage of counts recovered from the medium in relation to the total counts 
present on the plate (sum of medium and cells) (B). Data are given as means ± SEM. ** P < 0.01 compared with 
HDL isolated from PBS-injected control mice.



mice. 
The starting point of RCT is cholesterol efflux from macrophage foam cells within the 
vascular wall. Under conditions of hyperglycemia, HDL-associated proteins readily 
become glycated,24, 25 which might have important functional implications as glycated 
apoA-I has been reported to be defective in mediating cholesterol efflux.23 However, 
our data demonstrate that in the context of a whole HDL particle in vitro cholesterol 
efflux toward HDL from T1DM mice was unchanged compared with control HDL. This 
observation is supported by previous studies using isolated total HDL.26, 27 Combined, 
these data suggest that glycation of HDL proteins might inhibit ABCA1-mediated efflux, 
whereas ABCG1-mediated efflux is not affected. 
Following transport of cholesterol by HDL through the plasma compartment, the next 
important step of RCT is selective uptake into the liver mediated by SR-BI. Hepatic SR-
BI expression remained largely unchanged in T1DM mice. However, HDL kinetic studies 
revealed that hepatic selective uptake was significantly lower in T1DM mice in vivo, and 
also in vitro the properties of T1DM HDL to function in selective uptake were significantly 
impaired. Thereby, reduced selective uptake of cholesterol from diabetic HDL likely 
contributes significantly to the decrease in RCT observed in T1DM mice in our study 
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Figure 4.6. T1DM mice have impaired selective uptake of HDL cholesterol by the liver. Hepatic mRNA 
expression of SR-BI in mice that were injected with either PBS (n = 8) or alloxan (n = 7) was determined by 
real-time quantitative PCR (A). Protein expression of SR-BI in liver homogenates (n = 6 in each group, left panel) 
and in the hepatic membrane fraction (n = 6 in each group, right panel) was determined by Western blot and 
representative images are shown (B). SR-BI-mediated selective uptake of HDL cholesterol from isolated HDL 
was determined in vitro using ldlA[mSR-BI] cells as detailed in Materials and Methods (C). Fractional catabolic 
rates of HDL protein as well as HDL-CE were determined in control (n = 6) and T1DM (n = 5) mice after injection 
of autologous HDL labeled with 125I-tyramine cellobiose and 3H-cholesteryl ether as described in Materials and 
Methods (D). Hepatic uptake rates of HDL protein, HDL-CE as well as selective uptake rates in control and T1DM 
mice determined at the 24 h-time point of the kinetic experiment shown in panel D (E). Experimental conditions 
and calculations are detailed in Materials and Methods. All data are given as means ± SEM. * P < 0.05, ** P < 
0.01 compared with PBS-injected controls.



by decreasing the input of cholesterol originating from macrophages into the hepatic 
cholesterol pool. 
Biliary sterol secretion is thought to be a major determinant for the completion of the 
RCT pathway.7, 8 Our data show enhanced biliary secretion of BAs as well as cholesterol in 
T1DM mice. These results are consistent with previously published data demonstrating 
that alloxan- or streptozotocin-induced diabetes increased biliary sterol secretion rates 
in rats.13, 28 In addition, concentrations of BAs and cholesterol in gallbladder bile were 
increased in T1DM mice injected with alloxan as well as in nonobese diabetic mice.11, 29 

Because biliary BA secretion is a major driving force for biliary cholesterol secretion,30 the 
primary point of dysregulation in T1DM is likely in the metabolism of BAs. Hepatic gene 
expression analysis indicated increased de novo BA synthesis in T1DM animals, for which 
cholesterol serves as the substrate.31 In contrast to fecal BA excretion, fecal neutral sterol 
excretion was similar between groups despite the 5.5-fold higher biliary cholesterol 
secretion in the diabetic mice. These data are conceivably explained by 2.1-fold increased 
cholesterol absorption rates observed in the T1DM mice in our study. In addition, food 
intake was almost 2-fold higher in T1DM mice (data not shown), overall resulting in a 
substantial increase in cholesterol supply from diet. Increased intestinal cholesterol 
absorption has previously been observed by others in insulin-deficient diabetic rodent 
models as well as in humans.9, 10, 12, 32 However, it is important to point out that our study 
specifically identified decreased SR-BI-mediated selective uptake, which represents the 
point of entry for macrophage-derived cholesterol into the entero-hepatic system, as the 
major block in RCT affected in T1DM. 
Certain methodological issues have to be considered in the interpretation of our results. 
HDL kinetic studies using trap labels for HDL proteins as well as HDL cholesteryl ester 
clearly demonstrated reduced hepatic selective uptake rates in vivo in T1DM mice. The 
hepatic tracer data in the RCT experiment, however, were obtained 48 h after injection 
of labeled macrophages using a freely distributable label. The methodology of the in 
vivo RCT assay is therefore not suitable to allow any conclusion on selective uptake. In 
addition, the data from the macrophage RCT assay only indicate, whether the tracer 
deloaded from the macrophages enters better or less good the RCT system and is finally 
deposited in the feces. Overall cholesterol fluxes through the body cannot be derived 
from these data, because then different pool sizes of cholesterol are important and 
would have to be taken into account. 
Besides mediating RCT, HDL particles have additional anti-atherosclerotic properties such 
as inhibiting endothelial inflammation,33 promoting vascular nitric oxide generation 34 as 
well as protecting LDL against oxidative modification.35, 36 Increasing evidence suggests 
that also these atheroprotective functions of HDL particles are impaired in T1DM. The 
anti-oxidative properties of HDL appear to be diminished in T1DM,37, 38 and the ability 
of HDL from T1DM patients to counteract the inhibitory effects of oxidized LDL on 
endothelium-dependent vasorelaxation is also reduced.39 In addition, glycation of apoA-I 
was recently shown to decrease the potency of HDL to inhibit neutrophil infiltration 
and adhesion molecule expression using the carotid artery collar model in rabbits.40 In 
addition to decreased RCT, these alterations are expected to contribute to an overall 
reduced capacity of diabetic HDL to protect against atherosclerotic CVD. 
Figure 4.7 summarizes our current working model on the effects of T1DM on sterol 
metabolism and RCT. Biliary secretion of BAs and cholesterol is significantly increased, 
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whereas hepatic cholesterol synthesis remains largely unaffected. Nevertheless, hepatic 
cholesterol levels do not decrease, because the liver cholesterol pool in diabetic mice 
receives more input via increased food intake and higher intestinal cholesterol absorption. 
These events result in an enhanced cycling of cholesterol between the liver and the 
intestine without having a net effect on fecal neutral sterol excretion. To compensate 
for increased fecal BA loss, also hepatic BA synthesis from cholesterol is up-regulated. 
With respect to RCT, less cholesterol originating from macrophages enters the hepatic 
cholesterol pool because SR-BI-mediated selective uptake from diabetic HDL is impaired. 
Thereby, a smaller fraction of this cholesterol is then used for BA synthesis. These changes 
are reflected by decreased overall RCT, primarily due to reduced tracer excretion within 
the fecal BA fraction. 
In conclusion, insulin-deficient T1DM mice exhibit decreased RCT despite increased biliary 
sterol secretion. These unfavorable changes are conceivably due to decreased properties 
of glycated HDL to function in hepatic selective uptake. Impaired RCT is expected to 
contribute to the increased risk for atherosclerotic CVD morbidity and mortality in 
patients with T1DM. 
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Figure 4.7. Working model summarizing the impact of T1DM on sterol metabolism and RCT. Compared with 
controls (A), biliary secretion of bile acids and cholesterol is significantly increased in T1DM (B). Whereas 
hepatic cholesterol synthesis remains unaltered, bile acid synthesis is upregulated. Hepatic cholesterol levels 
do not decrease, because the liver cholesterol pool in diabetic mice receives more input via increased intestinal 
cholesterol absorption due to both increased food uptake and higher fractional absorption rates. These events 
result in an enhanced cycling of cholesterol between the liver and the intestine without having a net effect 
on fecal neutral sterol excretion. In terms of RCT, less cholesterol originating from macrophages enters the 
hepatic pool due to impaired hepatic SR-BI-mediated selective uptake from diabetic HDL, and a lower fraction 
of this cholesterol is subsequently used for BA synthesis. These changes are reflected by decreased overall 
RCT, primarily attributable to reduced tracer excretion within the fecal bile acid fraction. Bold arrows represent 
increased fluxes in T1DM mice (B) compared with PBS-injected controls (A), while thinner arrows represent 
decreased fluxes. chol, cholesterol; BA, bile acid.
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Abstract

Background. Apolipoprotein E (apoE) plays an important role in lipoprotein metabolism. 
This study investigated the effects of adenovirus-mediated human apoE overexpression 
(AdhApoE3) on sterol metabolism and in vivo reverse cholesterol transport (RCT). 
Results. In wild-type mice, AdhApoE3 resulted in decreased HDL cholesterol levels and 
a shift toward larger HDL in plasma, whereas hepatic cholesterol content increased (P 
< 0.05). These effects were dependent on scavenger receptor class B type I (SR-BI) as 
confirmed using SR-BI-deficient mice. Kinetic studies demonstrated increased plasma 
HDL cholesteryl ester catabolic rates (P < 0.05) and higher hepatic selective uptake 
of HDL cholesteryl esters in AdhApoE3-injected wild-type mice (P < 0.01). However, 
biliary and fecal sterol output as well as in vivo macrophage-to-feces RCT studied with 
3H-cholesterol-loaded mouse macrophage foam cells remained unchanged upon human 
apoE overexpression. Similar results were obtained using hApoE3 overexpression in 
human CETP transgenic mice. However, blocking ABCA1-mediated cholesterol efflux from 
hepatocytes in AdhApoE3-injected mice using probucol increased biliary cholesterol 
secretion (P < 0.05), fecal neutral sterol excretion (P < 0.05), and in vivo RCT (P < 0.01), 
specifically within neutral sterols. 
Conclusion. These combined data demonstrate that systemic apoE overexpression 
increases i) SR-BI-mediated selective uptake into the liver and ii) ABCA1-mediated efflux 
of RCT-relevant cholesterol from hepatocytes back to the plasma compartment, thereby 
resulting in unchanged fecal mass sterol excretion and overall in vivo RCT. 
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5.1 Introduction

Apolipoprotein E (apoE) plays an important role in lipoprotein metabolism and 
atherosclerosis. ApoE is produced and secreted predominantly by the liver,1 but it is also 
expressed in a variety of other tissues, including macrophages.2, 3 While loss of function of 
apoE in mice and in humans is associated with a pro-atherogenic lipoprotein profile and 
increased atherogenesis,4, 5 overexpression of apoE in various models has been shown to 
protect against atherosclerotic lesion formation.6-11 Among other metabolic effects that 
are potentially antiatherogenic, apoE has been reported to promote cholesterol efflux,12-14 

and recent studies have suggested that lack of macrophage apoE might decrease overall 
reverse cholesterol transport (RCT).15 However, the pool of macrophage-derived apoE 
represents a small fraction of total circulating apoE. 
The classic RCT pathway is a multistep process that involves i) HDL-mediated efflux of 
excess cholesterol from extrahepatic cells and most relevant for atherosclerosis lipid-
laden macrophages in the arterial wall, ii) uptake of HDL cholesterol into the liver, and iii) 
excretion of HDL cholesterol into bile and ultimately feces either directly or after metabolic 
conversion into bile acids.16-18 Although the liver has a key function in the RCT pathway 
and the majority of circulating apoE is generated by hepatocytes, the contribution of 
hepatic apoE to in vivo RCT has not been addressed. 
Therefore, the aim of the current study was to investigate the effects of hepatic 
overexpression of human apoE on liver lipid metabolism, biliary sterol secretion, and 
in vivo macrophage-to-feces RCT. Our data demonstrate that increasing plasma levels 
of liver-derived apoE enhances selective uptake of HDL cholesteryl esters into the liver 
and induces hepatic cholesterol accumulation in a scavenger receptor class B type 
I (SR-BI)-dependent manner. However, this does not affect fecal mass sterol excretion 
and macrophage-specific RCT due to an apoE-induced enhancement of ATP-binding 
cassette transporter A1 (ABCA1)-mediated efflux of RCT-relevant cholesterol from 
hepatocytes back to the plasma compartment. These findings suggest that systemic apoE 
overexpression protects against atherosclerosis by mechanisms other than modulation 
of RCT. 

5.2 Materials and Methods

5.2.1 Animals
C57BL/6J mice were obtained from Charles River (Wilmington, MA). SR-BI knockout mice 
were obtained from The Jackson Laboratory (Bar Harbor, ME) and backcrossed to the 
C57BL/6J background for a total of eight generations. Probucol (Sigma, St. Louis, MO) was 
mixed into powdered chow (0.5% wt/wt). For the RCT experiment, the diet was provided 
for 12 days before and then throughout the 48-h period of the experiment. In all other 
experiments, the diet was provided for 14 days. Animals were caged in animal rooms 
with alternating 12-h periods of light (from 7:00 AM to 7:00 PM) and dark (from 7:00 PM 
to 7:00 AM), with ad libitum access to water and mouse chow diet (Arie Blok, Woerden, 
The Netherlands). Animal experiments were performed in conformity with PHS policy 
and in accordance with the national laws. All protocols were approved by the responsible 
ethics committee of the University of Groningen and the University of Pennsylvania. 
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5.2.2 Generation of recombinant adenoviruses
The empty control adenovirus AdNull 19 and the recombinant adenovirus encoding human 
apoE3 (AdhApoE3) 19 were amplified and purified as reported previously.20 For in vivo 
experiments, mice were injected with 1 × 1011 particles/mouse of AdhApoE3 or AdNull. In 
vivo reverse cholesterol transport studies were carried out between day 2 and day 4 after 
injection of recombinant adenoviruses, a time frame when high and stable expression 
from an adenovirus is achieved. All other experiments described were performed on day 
4 after injection of the recombinant adenoviruses. 

5.2.3 Plasma lipid and lipoprotein analysis
Mice were bled by heart puncture after a 4-h fast at the time of death. Aliquots of plasma 
were stored at −80°C until analysis. Commercially available reagents were used to 
measure plasma total cholesterol, triglycerides (Roche Diagnostics, Basel, Switzerland), 
free cholesterol, and phospholipids (Diasys, Holzheim, Germany). Pooled plasma 
samples were subjected to fast protein liquid chromatography (FPLC) gel filtration using a 
Superose 6 column (GE Healthcare, Uppsala, Sweden) as described.21 Individual fractions 
were assayed for cholesterol concentrations as described above. 
To determine plasma HDL- and nonHDL-cholesterol levels, apoB-containing lipoproteins 
were precipitated using polyethylene glycol in 10 mM HEPES (pH 8.0) as described.22 

After centrifugation of the samples at 2,000 g and 4°C for 30 min, the HDL-containing 
supernatant was transferred to clean tubes. The nonHDL-containing pellet was dissolved 
in 0.5 M NaCO3. Cholesterol concentrations in the HDL and nonHDL fractions were 
determined as described above. 

5.2.4 Analysis of liver lipid composition
Liver tissue was homogenized as described.23 Commercially available kits were used 
to measure contents of total cholesterol, triglycerides (Roche Diagnostics), and free 
cholesterol (Diasys) after extraction of lipids according to the general procedure of Bligh 
Dyer and redissolving lipids in water containing 2% Triton X-100.23 Phospholipid content 
of the liver was determined after lipid extraction essentially as described.23 

5.2.5 Analysis of gene expression by real-time quantitative PCR
Total RNA from mouse livers was extracted with TriReagent (Sigma) and quantified using a 
Nanodrop ND-100 U-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE). 
cDNA synthesis was performed from 1 μg of total RNA using reagents from Invitrogen 
(Carlsbad, CA). Real-time quantitative PCR was carried out on an ABI-Prism 7700 (Applied 
Biosystems, Darmstadt, Germany) sequence detector with the default settings.23 Primers 
and fluorogenic probes were designed with the Primer Express Software (Applied 
Biosystems) and synthesized by Eurogentec (Seraing, Belgium). mRNA expression levels 
presented were calculated relative to the average of the housekeeping gene cyclophilin 
and further normalized to the relative expression levels of the respective controls. 

5.2.6 Bile collection and assessment of biliary excretion of bile acids, phospholipids, and 
cholesterol
Bile was collected by cannulation of the gallbladder in mice anesthetized by intraperitoneal 
injection of hypnorm (fentanyl/fluanisone, 1 mg/kg) and diazepam (10 mg/kg). During 
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the bile collection, body temperature was maintained using a humidified incubator. Bile 
collection was performed for 30 min, and secretion rates were determined gravimetrically. 
Biliary bile salt, cholesterol, and phospholipid concentrations were determined and the 
respective biliary excretion rates calculated as described previously.23, 24 

5.2.7 Fecal sterol analysis
Mice were individually housed, and feces were collected over a period of 24 h and 
separated from the bedding. Fecal samples were dried, weighed, and thoroughly ground. 
Aliquots thereof were used for determination of neutral sterol and bile acid content by 
gas-liquid chromatography as described.23, 24 

5.2.8 HDL kinetics studies
HDL kinetics studies were performed essentially as published previously.21 Autologous HDL 
was prepared from pooled mouse plasma by sequential ultracentrifugation (density 1.063 
< d < 1.21). After extensive dialysis against sterile PBS containing 0.01% EDTA, HDL was 
labeled with 125I-tyramine-cellobiose (TC) and cholesteryl hexadecyl ether (cholesteryl-
1,2,-3H; Perkin Elmer Life Sciences) as previously described.25 For kinetic studies, 0.4 µCi 
of 125I and 0.7 million dpm of the 3H tracer were injected into the tail veins of fasted wild-
type mice treated with AdNull or AdhApoE3. Blood samples were drawn by retroorbital 
bleeding at 5 min and at 1, 3, 6, 11, and 24 h after injection. Plasma decay curves for 
both tracers were generated by dividing the plasma radioactivity at each time point by 
the radioactivity at the initial 5-min time point after tracer injection. Fractional catabolic 
rates (FCRs) were determined from the area under the plasma disappearance curves 
fitted to a bicompartmental model using the SAAM II program.26 The use of 3H-cholesteryl 
ether does not affect turnover rates in vivo compared with 3H-cholesteryl ester-labeled 
HDL.21 Organ uptake of HDL apolipoproteins (125I) and HDL-CEs (3H-cholesteryl ether) was 
determined by measuring the counts recovered in each organ expressed as a percentage 
of the injected dose, which was calculated by multiplying the initial plasma counts (5-
min time point) with the estimated plasma volume (3.5% of total body weight). Selective 
uptake into organs was determined by subtracting the percentage of the injected dose of 
125I-HDL recovered in each organ from the percentage of the injected dose of 3H-HDL-CE. 

5.2.9 In vivo RCT studies
In vivo RCT studies were performed essentially as published previously.27 Wild-type 
C57BL/6J donor mice were injected with 1.0 ml of 4% Brewer thioglycollate medium 
(Becton Dickinson, Le Point de Claix, France). Peritoneal macrophages were harvested 4 
days after thioglycollate injection as described.28 Macrophages were plated in RPMI 1640 
medium (Invitrogen) supplemented with 1% FBS (HyClone, Logan, UT) and penicillin (100 
U/ml)/streptomycin (100 μg/ml) (Invitrogen) and were allowed to adhere for 5 h at 37°C 
under 5% CO2 humidified air. Nonadherent cells were removed by washing twice with 
PBS followed by loading of the macrophages with 50 μg/ml acetylated LDL and 3 μCi/ml 
3H-cholesterol (Perkin Elmer Life Sciences, Boston, MA) for 24 h. Thereafter, cells were 
washed again and equilibrated in RPMI 1640 medium supplemented with 2% BSA (Sigma) 
for 18 h. Immediately before injection, cells were harvested and resuspended in RPMI 
1640 medium. For in vivo macrophage-to-feces RCT studies, 2 million 3H-cholesterol-
loaded macrophage foam cells were injected intraperitoneally into individually housed 
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recipient mice. Plasma was collected 6 h and 24 h after macrophage injection by 
retroorbital puncture and for the final blood draw (48 h) by heart puncture. At the end of 
the experimental period, livers were harvested, snap-frozen in liquid nitrogen, and stored 
at −80°C until further analysis. Feces were collected continuously for 48 h. 
Counts in plasma were assessed directly by liquid scintillation counting (Packard 1600CA 
Tri-Card, Packard, Meriden, CT). Counts within liver were determined after solubilization 
of the tissue using Solvable (Packard) exactly as previously reported.26 Counts recovered 
from the respective liver piece were back-calculated to total liver mass. Feces were 
separated from the bedding, dried, weighed, and thoroughly ground. Aliquots were 
separated into neutral sterol and bile acid fractions as previously reported.27 Briefly, 
samples were heated for 2 h at 80°C in alkaline methanol and then extracted three times 
with petroleum ether. In the top layer, radioactivity within the neutral sterol fraction was 
determined by liquid scintillation counting, whereas radioactivity incorporated into bile 
acids was assessed from the bottom layer. Counts recovered from the respective aliquots 
were related to the total amount of feces produced over the whole experimental period. 
All obtained counts were expressed relative to the administered dose. 

5.2.10 In vitro cholesterol efflux assay
Thioglycollate-elicited peritoneal mouse macrophages were harvested as described 
above. Macrophages were plated in RPMI 1640 medium (Invitrogen) supplemented 
with 1% FBS (HyClone, Logan, UT) and penicillin (100 U/ml)/streptomycin (100 μg/ml) 
(Invitrogen) and were allowed to adhere for 5 h at 37°C under 5% CO2 humidified air. 
Nonadherent cells were removed by washing twice with PBS followed by loading of the 
macrophages with 50 μg/ml LDL and 1 μCi/ml 3H-cholesterol (Perkin Elmer Life Sciences, 
Boston, MA) for 24 h. The cells were washed again and equilibrated in RPMI 1640 
medium supplemented with 2% BSA (Sigma) for 18 h. The cells were washed with PBS, 
and 2% mouse plasma was added. After 4 h and 8 h, radioactivity within the medium was 
determined by liquid scintillation counting. The cell layer was washed twice with PBS, 
and 0.1 M NaOH was added. Plates were incubated 30 min at room temperature, and the 
radioactivity remaining within the cells was assessed by liquid scintillation counting. Wells 
incubated with RPMI without added plasma were used as blanks to determine plasma-
independent efflux, and these values were subtracted from the respective experimental 
values. Efflux is given as the percentage of counts recovered from the medium in relation 
to the total counts present on the plate (sum of medium and cells). 

5.2.11 Statistical analysis
Statistical analyses were performed using the Statistical Package for Social Sciences 
version 16.0 (SPSS Inc., Chicago, IL). Data are presented as means ± SEM. The Mann-
Whitney U-test was used to compare different groups. Statistical significance for all 
comparisons was assigned at P < 0.05. 
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Table 5.1. Plasma lipids, liver lipid composition, and biliary excretion of sterols in wild-type and SR-BI knockout 
mice in response to hepatic apolipoprotein E overexpression.

Wild-type SR-BI knockout
AdNull AdhApoE3 AdNull AdhApoE3

Plasma
Total cholesterol (mg/dl) 69.5 ± 1.9 65.5 ± 2.6 147.6 ± 9.5 140.5 ± 12.1
Free cholesterol (mg/dl) 29.0 ± 0.7 31.3 ± 0.9 86.4 ± 4.9 81.3 ± 7.8
Esterified cholesterol (mg/dl) 40.5 ± 1.6 34.3 ± 3.1 61.1 ± 6.4 59.2 ± 5.4
Phospholipids (mg/dl) 178.6 ± 12.7 148.6 ± 8.0 191.8 ± 10.8 214.7 ± 16.5
Triglycerides (mg/dl) 82.9 ± 9.2 80.0 ± 8.9 59.8 ± 6.9 79.9 ± 10.8
Liver
Total cholesterol (nmol/mg liver) 6.3 ± 0.5 7.8 ± 0.4a 8.5 ± 0.3 8.3 ± 0.4
Free cholesterol (nmol/mg liver) 5.4 ± 0.4 5.9 ± 0.3 6.7 ± 0.1 6.4 ± 0.1
Esterified cholesterol (nmol/mg liver) 0.8 ± 0.2 2.0 ± 0.1a 1.7 ± 0.3 2.0 ± 0.3
Phospholipids (nmol/mg liver) 28.2 ± 1.5 25.8 ± 0.9 31.9 ± 0.7 29.5 ± 0.6a

Triglycerides (nmol/mg liver) 12.8 ± 3.1 58.3 ± 5.0a 22.2 ± 1.6 32.8 ± 4.5
Bile
Bile flow (μl/min/100 g bw) 10.3 ± 0.6 10.2 ± 0.2 ND ND
Biliary bile acid secretion 
(nmol/min/100 g bw)

866 ± 86 762 ± 45 ND ND

Biliary phospholipid secretion 
(nmol/min/100 g bw)

61.6 ± 5.0 82.6 ± 6.8a ND ND

Biliary cholesterol secretion 
(nmol/min/100 g bw)

3.9 ± 0.2 4.0 ± 0.3 ND ND

On day 4 following adenovirus injection bile was collected continuously for 30 minutes, plasma samples were 
taken, and livers were harvested and snap-frozen in liquid nitrogen. Plasma lipids, liver lipids, and biliary output 
rates of bile acids, phospholipids, and cholesterol were determined as described under Materials and Methods. 
Values are means ± SEM; n = 5-8 mice for each condition. AdhApoE3, recombinant adenovirus expressing 
human apoE3; AdNull, empty control adenovirus; SR-BI, scavenger receptor class B type I; bw, body weight; ND 
= not determined. a Significantly different from the respective AdNull-injected controls as assessed by Mann-
Whitney U-test (at least P < 0.05).

5.3 Results

5.3.1 Hepatic apoE overexpression affects HDL size distribution but not plasma lipid 
levels.
To assess the effects of hepatic overexpression of human apoE3 on plasma lipid levels, 
wild-type mice were injected with an empty control adenovirus AdNull or with an 
adenovirus expressing human apoE3. Plasma levels of total cholesterol, free cholesterol, 
esterified cholesterol, phospholipids, and triglycerides remained essentially unchanged 
in response to hepatic apoE overexpression (Table 5.1). However, FPLC analysis revealed 
a lower HDL cholesterol peak and a shift toward larger particles in the AdhApoE3-injected 
mice compared with controls (Figure 5.1A). In parallel, plasma levels of apoA-I (P = 0.055; 
Supplemental figure 5.IA) and apoB100 (P < 0.01; Supplemental figure 5.IB) were lower 
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in the mice overexpressing human apoE, whereas plasma apoB48 was not altered (n.s.; 
Supplemental figure 5.IC). To explore the distribution of human apoE across the different 
lipoprotein classes, Western blot analysis for apoA-I and human apoE was performed 
on the individual FPLC fractions. In the mice administered AdhApoE3, human apoE was 
present in the apoA-I-containing HDL fractions and in the nonHDL lipoprotein fractions 
lacking apoA-I expression (Supplemental figure 5.II). Because cholesteryl ester transfer 
protein (CETP) plays an important role in human lipoprotein metabolism but is absent 
in wild-type mice,29 apoE overexpression experiments were carried out in transgenic 
mice expressing human CETP under the control of its endogenous promoter (hCETP 
tg). Comparable to the results in wild-type mice, in hCETP tg mice no major changes in 
plasma lipids occurred in response to hepatic apoE overexpression (Supplemental table 
5.I), and the HDL cholesterol peak was similarly decreased and was shifted toward larger 
HDL particles (Supplemental figure 5.III). 

5.3.2 Hepatic apoE overexpression increases hepatic cholesterol content by stimulating 
selective uptake into the liver.
Next, we determined whether hepatic overexpression of human apoE would affect 
hepatic lipid composition. Hepatic total cholesterol content was significantly increased 
by 24% in mice administered AdhApoE3 (P < 0.05; Table 5.1), largely due to a higher 
hepatic esterified cholesterol content (+150%; P < 0.01; Table 5.1). Whereas hepatic 
phospholipids were identical between AdNull-injected and AdhApoE3-injected mice 
(Table 5.1), apoE overexpression resulted in an elevated hepatic triglyceride content 
(+355%; P < 0.01; Table 1). Similar changes in hepatic cholesterol and triglyceride content 
were observed in response to AdhApoE3 in hCETP tg mice (Supplementary table 5.II). 
To test the hypothesis that the decrease in plasma HDL cholesterol and the concomitant 
increase in hepatic cholesterol content in response to apoE overexpression were due to 
an enhanced selective uptake of cholesteryl esters from HDL, HDL kinetic studies were 
carried out in wild-type mice using autologous HDL. Hepatic apoE overexpression caused 
an increase in the HDL cholesteryl ester FCR (0.142 ± 0.009 vs. 0.196 ± 0.013 pools/h; P 
< 0.05; Figure 5.2A) without having significant effects on the HDL protein FCR (0.084 ± 
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Figure 5.1 Apolipoprotein E overexpression affects plasma cholesterol distribution in an SR-BI-dependent 
fashion. FPLC profiles in response to apolipoprotein E overexpression in (A) wild-type mice and (B) SR-BI 
knockout (ko) mice. Pooled plasma samples collected on day 4 after injection with the control adenovirus 
AdNull or with the human apolipoprotein E3 expressing adenovirus AdhApoE3 were subjected to gel filtration 
chromatography analysis using a Superose 6 column as described in Materials and Methods. n = 6–8 mice for 
each condition. Open circles, AdNull-injected controls; closed squares, AdhApoE3-injected mice.



0.007 vs. 0.091 ± 0.013 pools/h; n.s.; Figure 5.2A). Therefore, the apparent whole body 
selective uptake as calculated by the difference between the HDL cholesteryl ester and 
HDL protein FCRs was significantly higher in apoE-overexpressing mice compared with 
controls (0.058 ± 0.011 vs. 0.106 ± 0.010 pools/h; P < 0.05; Figure 5.2A). In agreement 
with the above results, the uptake of HDL protein into the liver remained unchanged 
after hepatic apoE overexpression (26.2 ± 3.7 vs. 24.6 ± 3.3%; n.s.; Figure 5.2B), whereas 
uptake of HDL cholesteryl ester into the liver tended to be higher (40.4 ± 2.4 vs. 52.8 
± 4.2%; P = 0.07; Figure 5.2B). Overall, this translated into an almost 2-fold increase in 
hepatic selective uptake in the AdhApoE3-injected group (14.2 ± 2.7 vs. 28.2 ± 1.6; P < 
0.01; Figure 5.2B). Although selective uptake of HDL cholesteryl esters in the liver was 
enhanced, Sr-b1 mRNA expression was lower in wild-type mice (P < 0.01; Table 5.2) and 
in hCETP tg mice (Supplemental table 5.III) overexpressing apoE. However, neither total 
nor membrane-associated hepatic SR-BI protein levels were changed in the two mouse 
models (Supplemental figure 5.IV). Combined, these data demonstrate that hepatic apoE 
overexpression increases hepatic cholesterol content by stimulating selective uptake of 
HDL cholesteryl esters into the liver. 

5.3.3 Increased hepatic cholesterol content in response to hepatic apoE overexpression 
is dependent on SR-BI.
SR-BI is the major receptor responsible for the selective uptake of HDL cholesterol into 
the liver.21, 30 To confirm a critical role of SR-BI mediating altered plasma lipoprotein 
distribution and hepatic cholesterol content as a consequence of apoE overexpression, 
the effects of AdNull or AdhApoE3 were investigated in SR-BI-deficient mice. In agreement 
with results in wild-type mice, injection of a human apoE expressing adenovirus did 
not alter plasma levels of total cholesterol, free cholesterol, esterified cholesterol, 
phospholipids, and triglycerides in SR-BI knockout mice (Table 5.1). However, the marked 
alterations observed in the lipoprotein distribution in response to apoE overexpression 
in wild-type mice were not present in SR-BI knockouts, as reflected by virtually identical 
FPLC profiles in the AdNull-injected compared with the AdhApoE3-injected group (Figure 
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Figure 5.2. Apolipoprotein E overexpression increases selective uptake of HDL cholesteryl esters into the 
liver. On day 4 after injection with the control adenovirus AdNull or with the human apolipoprotein E3-
expressing adenovirus AdhApoE3 kinetic experiments were performed using autologous HDL double labeled 
with 125I-tyramine-cellobiose and 3H-cholesteryl ether (CE) as described in Materials and Methods. (A) FCRs 
calculated from the respective plasma disappearance curves. (B) Uptake of 125I-tyramine-cellobiose and 3H-CE 
by the liver. Data are presented as means ± SEM. n = 6 mice for each condition. White bars, AdNull-injected 
mice; black bars, AdhApoE3-injected mice. * Significantly different from the respective AdNull-injected controls 
as assessed by Mann-Whitney U-test (at least P < 0.05).



5.1B). In line with these results, the hepatic content of total cholesterol (Table 5.1), free 
cholesterol (Table 5.1), and esterified cholesterol (Table 5.1) was not affected by apoE 
overexpression in SR-BI knockout mice. Nevertheless, AdhApoE3 injection in the SR-BI 
knockouts caused a slight but significant decrease in hepatic phospholipid content (−8%; 
P < 0.05; Table 5.1), whereas the hepatic triglyceride content tended to be higher (+48%; 
P = 0.06; Table 5.1). These data indicate that the apoE-mediated changes in lipoprotein 
distribution and hepatic cholesterol content are dependent on SR-BI.

Table 5.2. Hepatic mRNA expression in wild-type mice in response to hepatic apolipoprotein E overexpression.

Wild-type
AdNull AdhApoE3

Sr-b1 1.00 ± 0.03  0.70 ± 0.03a

Abcb11 1.00 ± 0.06  0.60 ± 0.04a

Abcb4 1.00 ± 0.07 0.91 ± 0.05
Abcg5 1.00 ± 0.08  0.62 ± 0.04a

Abcg8 1.00 ± 0.06  0.69 ± 0.06a

Cyp7a1 1.00 ± 0.23 0.91 ± 0.13
Cyp27a1 1.00 ± 0.09  0.46 ± 0.04a

Cyp8b1 1.00 ± 0.07  0.74 ± 0.02a

Srebp2 1.00 ± 0.10  0.70 ± 0.02a

Ldlr 1.00 ± 0.09 0.71 ± 0.04
Hmgcr 1.00 ± 0.16 0.74 ± 0.09
Abca1 1.00 ± 0.02 0.92 ± 0.06

Livers of mice administered the respective adenoviruses were harvested on day 4 after adenovirus injection 
and snap-frozen in liquid nitrogen. mRNA expression levels were determined by real-time quantitative PCR 
as described in Materials and Methods. Values are means ± SEM; n = 6 mice for each condition. Within each 
set of experiments, gene expression levels are related to the respective AdNull-injected controls. AdhApoE3, 
recombinant adenovirus expressing human apoE3; AdNull, empty control adenovirus. a Significantly different 
from the respective AdNull-injected controls as assessed by Mann-Whitney U-test (at least P < 0.05).

5.3.4 Hepatic apoE overexpression does not affect biliary and fecal sterol excretion.
To explore whether higher SR-BI-mediated hepatic cholesterol uptake after apoE 
overexpression in wild-type mice would translate into changes in biliary sterol secretion, 
a continuous bile cannulation experiment was performed in wild-type mice receiving 
AdNull or AdhApoE3. Neither bile flow (Table 5.1) nor biliary secretion rates of bile acids 
(Table 5.1) were affected by hepatic overexpression of human apoE3. Although the biliary 
secretion rate of phospholipids was 1.3-fold higher (P < 0.05; Table 5.1), the secretion 
rate of cholesterol into bile remained unchanged in wild-type mice (Table 5.1). However, 
in hCETP tg mice, lower biliary output of cholesterol was noted in the group injected with 
AdhApoE3, whereas there was no effect on the biliary secretion rates of bile acids and 
phospholipids (Supplemental figure 5.V). 
Hepatic mRNA expression of the hepatobiliary phospholipid transporter Abcb4 (also 
known as multidrug resistance protein 2, Mdr2) was not changed by apoE overexpression 
in wild-type mice, whereas expression levels of the bile salt export pump Abcb11 (also 
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known as Bsep; P < 0.01) and the cholesterol half-transporters Abcg5 and Abcg8 were 
decreased (P < 0.01 for both) (Table 5.2). ApoE overexpression reduced expression of 
the key enzyme for the alternative bile acid synthesis pathway in the liver, Cyp27a1 (P 
< 0.01) and the enzyme responsible for cholate synthesis, Cyp8b1 (P < 0.05) but did 
not affect expression of the rate-limiting enzyme for classic bile acid synthesis, Cyp7a1 
(Table 5.2). Hepatic gene expression of the sterol regulatory binding protein 2 (Srebp2) 
was suppressed by apoE overexpression (P < 0.05), whereas mRNA expression of its two 
target genes LDL receptor (Ldlr) and the rate-limiting enzyme for cholesterol synthesis, 
HMG-CoA reductase (Hmgcr), was not significantly affected (Table 5.2). There was also no 
difference in Abca1 mRNA levels in the liver between AdhApoE3 injected wild-type mice 
and controls. In hCETP tg mice, virtually identical changes in liver gene expression were 
found in response to apoE overexpression (Supplementary table 5.III). 
Consistent with unaltered biliary secretion of cholesterol and bile acids in wild-type mice, 
the fecal mass output of neutral sterols (3.11 ± 0.22 vs. 2.49 ± 0.34 μmol/day; Supplemental 
table 5.IV) and bile acids (2.33 ± 0.19 vs. 2.65 ± 0.11 μmol/day; Supplemental table 5.V) 
was not influenced by overexpression of apoE. Likewise, hCETP tg mice injected with 
AdhApoE3 also excreted similar amounts of neutral sterols (Supplemental table 5.IV) and 
bile acids (Supplemental table 5.V) into the feces compared with AdNull administered 
controls. Taken together, these results indicate that apoE overexpression promotes 
hepatic cholesterol uptake without increasing biliary and fecal sterol excretion. 

5.3.5 Hepatic apoE overexpression does not affect macrophage-to-feces RCT.
Because apoE overexpression increased hepatic selective uptake via SR-BI, an important 
step in the RCT pathway, but did not influence mass biliary and fecal sterol excretion, 
we next investigated whether apoE overexpression might affect overall RCT. In vivo RCT 
was traced after intraperitoneal injection of primary mouse macrophages loaded with 
3H-cholesterol in control and apoE-overexpressing wild-type mice. The appearance of 
tracer in plasma was not significantly different between controls and mice injected with 
AdhApoE3 at 6 h (2.1 ± 0.6 vs. 3.0 ± 0.5% injected tracer dose; n.s.), 24 h (2.8 ± 0.4 vs. 
2.8 ± 0.3% injected tracer dose; n.s.), and 48 h (2.3 ± 0.2 vs. 2.4 ± 0.2% injected tracer 
dose; n.s.) after macrophage injection (Figure 5.3A). Although apoE overexpression led 
to a 63% increase in macrophage-derived 3H-cholesterol within the liver (7.0 ± 0.9 vs. 
11.3 ± 1.2% injected tracer dose; P < 0.05; Figure 5.3B), overall, in vivo RCT remained 
essentially unchanged as reflected by no effect on the total excretion of 3H-tracer into the 
feces (10.5 ± 1.0 vs. 10.7 ± 0.6% injected tracer dose; n.s.; Figure 5.3C). In addition, no 
significant changes were observed in the fecal loss of 3H-tracer within neutral sterols (1.9 
± 0.2 vs. 2.2 ± 0.3% injected tracer dose; n.s.) or within the bile acid fraction (8.6 ± 0.9 vs. 
8.5 ± 0.7% injected tracer dose; n.s.) in response to apoE overexpression (Figure 5.3C). 
Moreover, in the CETP transgenic mouse model, RCT was not influenced by AdhApoE3 
(Supplemental figure 5.VI). These observations indicate that hepatic apoE overexpression 
has no apparent effect on macrophage RCT. 

5.3.6 Probucol treatment decreases plasma lipid and lipoprotein levels.
It has been suggested recently that inhibition of hepatic ABCA1 activity by probucol 
reduces ABCA1-mediated cholesterol efflux from hepatocytes, thereby increasing 
cholesterol excretion into the bile and feces.31 Cholesterol efflux from lipid-laden 
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Figure 5.3. Apolipoprotein E overexpression does not affect in vivo macrophage-to-feces reverse cholesterol 
transport in wild-type mice. On day 2 after injection with the control adenovirus AdNull or with the human 
apolipoprotein E3-expressing adenovirus AdhApoE3 mice received intraperitoneal injections with 3H-cholesterol-
loaded primary mouse macrophage foam cells as described in Materials and Methods. (A) Time course of 
3H-cholesterol recovery in plasma. (B) 3H-cholesterol within liver 48 h after macrophage administration. (C) 
3H-cholesterol appearance in feces collected continuously from 0 to 48 h after macrophage administration 
and separated into bile acid and neutral sterol fractions as indicated. Data are expressed as percentage of the 
injected tracer dose and presented as means ± SEM. n = 8 mice for each condition. White bars, AdNull-injected 
mice; black bars, AdhApoE3-injected mice. * Significantly different from the respective AdNull-injected controls 
as assessed by Mann-Whitney U-test (at least P < 0.05).

Figure 5.4. Apolipoprotein E overexpression increases cholesterol efflux from macrophage foam cells toward 
plasma. Thioglycollate-elicited peritoneal mouse macrophages were loaded with 50 μg/ml acetylated LDL 
and 1 μCi/ml 3H-cholesterol as described in Materials and Methods. Subsequently, 2% plasma was added to 
the cells. After 4 h and 8 h, radioactivity within the medium and radioactivity remaining within the cells was 
determined by liquid scintillation counting. Efflux is given as the percentage of counts recovered from the 
medium in relation to the total counts present on the plate (sum of medium and cells). Data are presented as 
means ± SEM. n = 8 mice for each condition. White bars, AdNull-injected mice; black bars, AdhApoE3-injected 
mice. * Significantly different from the respective AdNull-injected controls as assessed by Mann-Whitney U-test 
(at least P < 0.05).



macrophages in vitro was significantly higher toward plasma from ApoE-overexpressing 
wild-type mice compared with controls after 4 h (6.5 ± 0.1 vs. 7.5 ± 0.2%; P < 0.01) and 8 h 
(9.5 ± 0.1 vs. 10.8 ± 0.2%; P < 0.01) of incubation (Figure 5.4). We therefore hypothesized 
that potentially increased ABCA1-mediated cholesterol efflux from hepatocytes might 
explain the unchanged biliary and fecal sterol output in response to apoE overexpression. 
To explore this hypothesis, wild-type mice were fed a control chow diet or a chow diet 
supplemented with 0.5% (wt/wt) probucol and were injected on day 10 of diet feeding 
with AdNull or AdhApoE3. Treatment with probucol decreased plasma total cholesterol 
concentrations in AdNull-injected (−51%; P < 0.01) and AdhApoE3-injected mice (−66%; P 
< 0.01; Table 5.3). This was due to a significant lowering of plasma free cholesterol (−52% 
and −71% for AdNull and AdhApoE3, respectively; P < 0.01 for both) as well as esterified 
cholesterol (−51% and −61% for AdNull and AdhApoE3, respectively; P < 0.01 for both) 
in the mice administered probucol (Table 5.3). As expected from the role of liver ABCA1 
in HDL formation, HDL-cholesterol levels in plasma were markedly reduced by dietary 
probucol (−41% and −42% for AdNull and AdhApoE3, respectively; P < 0.01 for both). 
However, probucol also resulted in decreased plasma nonHDL-cholesterol levels (−66% 
and −79% for AdNull and AdhApoE3, respectively; P < 0.01 for both). In line with these 
results, FPLC analysis demonstrated a clear reduction in all lipoprotein classes in AdNull-
injected mice fed the probucol diet compared with mice fed the control diet (Figure 
5.5A). Similar changes in the plasma lipoprotein distribution were observed in human 
apoE-overexpressing mice in response to probucol (Figure 5.5B). Finally, administration 
of probucol resulted in a significant decrease in plasma phospholipids and triglycerides 
in mice injected with the control adenovirus AdNull (−37% and −38% for phospholipids 
and triglycerides, respectively; P < 0.01 and P < 0.05, respectively) or AdhApoE3 (−57% 
and −66% for phospholipids and triglycerides, respectively; P < 0.01 for both) (Table 5.3). 

5.3.7 Probucol treatment increases macrophage-to-feces RCT in apoE-overexpressing 
mice.
Because probucol enhanced biliary and fecal sterol secretion in mice overexpressing 
human apoE, we investigated whether this would also translate into an improvement in 
overall RCT from macrophages to feces.  
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Figure 5.5. Probucol treatment decreases plasma cholesterol levels. FPLC profiles in response to probucol 
treatment in (A) AdNull-injected and (B) AdhApoE3-injected mice. Mice were fed a control chow diet or a 
chow diet containing 0.5% probucol for 2 weeks. Pooled plasma samples collected on day 4 after injection with 
the control adenovirus AdNull or with the human apolipoprotein E3-expressing adenovirus AdhApoE3 were 
subjected to gel filtration chromatography analysis using a Superose 6 column as described in Materials and 
Methods. n = 6 mice for each condition. Open circles, chow-fed controls; closed squares; probucol-treated mice.



Table 5.3. Plasma lipids, liver lipid composition, and biliary excretion of sterols in response to probucol 
treatment.

AdNull AdhApoE3
Control Probucol Control Probucol

Plasma
Total cholesterol (mg/dl) 72.3 ± 1.7 35.3 ± 1.3a 63.7 ± 2.8 21.9 ± 1.3a

Free cholesterol (mg/dl) 22.2 ± 0.4 10.7 ± 0.6a 29.8 ± 2.0 8.5 ± 1.1a

Esterified cholesterol (mg/dl) 50.1 ± 1.8 24.6 ± 1.1a 34.0 ± 2.0 13.4 ± 0.6a

Phospholipids (mg/dl) 154.1 ± 7.4 97.7 ± 5.8a 137.8 ± 9.5 59.8 ± 1.3a

Triglycerides (mg/dl) 58.2 ± 7.1 36.0 ± 3.5a 95.3 ± 7.9 32.4 ± 7.0a

Liver
Total cholesterol (nmol/mg liver) 7.2 ± 0.2 7.5 ± 0.2 9.1 ± 0.4 9.2 ± 0.5
Free cholesterol (nmol/mg liver) 5.9 ± 0.1 6.0 ± 0.2 7.4 ± 0.5 6.9 ± 0.3
Esterified cholesterol (nmol/mg liver) 1.3 ± 0.1 1.5 ± 0.1 1.7 ± 0.2 2.3 ± 0.2
Phospholipids (nmol/mg liver) 29.2 ± 0.7  26.5 ± 0.6a 26.7 ± 0.6 27.8 ± 0.6
Triglycerides (nmol/mg liver) 21.4 ± 1.7 22.3 ± 3.3 63.7 ± 7.1 59.4 ± 8.6
Bile
Bile flow (μl/min/100 g bw) 9.3 ± 0.6 8.2 ± 0.7 7.3 ± 1.1 10.6 ± 0.9
Biliary bile acid secretion 
(nmol/min/100 g bw)

469 ± 90 357 ± 73 427 ± 81 466 ± 51

Biliary phospholipid secretion 
(nmol/min/100 g bw)

41.6 ± 3.1 37.7 ± 5.6 43.0 ± 5.4 64.3 ± 5.1a

Biliary cholesterol secretion 
(nmol/min/100 g bw)

3.5 ± 0.4 3.6 ± 0.5 2.9 ± 0.4 5.2 ± 0.7a

Mice were fed a control chow diet or a chow diet containing 0.5% probucol for 2 weeks. On day 4 after 
adenovirus injection, bile was collected continuously for 30 min, plasma samples were taken, and livers were 
harvested and snap-frozen in liquid nitrogen. Plasma lipids, liver lipids, and biliary output rates of bile acids, 
phospholipids, and cholesterol were determined as described in Materials and Methods. Values are means 
± SEM; n = 6 mice for each condition. AdhApoE3, recombinant adenovirus expressing human apoE3; AdNull, 
empty control adenovirus; bw, body weight. a Significantly different from the respective controls as assessed by 
Mann-Whitney U-test (at least P < 0.05).

After intraperitoneal injection of 3H-cholesterol-loaded macrophages, counts within 
plasma were profoundly lower at the 6 h (1.24 ± 0.16 vs. 0.48 ± 0.04% injected tracer 
dose; P < 0.01; Figure 5.6A), 24 h (1.62 ± 0.20 vs. 0.59 ± 0.04% injected tracer dose; P 
< 0.01; Figure 5.6A), and 48 h time point (1.48 ± 0.22 vs. 0.56 ± 0.06% injected tracer 
dose; P < 0.01; Figure 5.6A) in the probucol-treated apoE-overexpressing mice compared 
with apoE-overexpressing controls. However, the amount of macrophage-derived tracer 
recovered within the liver was not affected by probucol in mice with hepatic apoE 
overexpression (7.6 ± 1.0 vs. 7.0 ± 0.7% injected tracer dose; n.s.; Figure 5.6B). Consistent 
with the higher biliary and fecal mass excretion of sterols, probucol significantly enhanced 
the total excretion of 3H-cholesterol originating from macrophages into the feces of 
AdhApoE3-injected mice (6.6 ± 0.4 vs. 9.5 ± 0.5% injected tracer dose; P < 0.01; Figure 
5.6C). Because tracer recovery in the fecal bile acid fraction remained unaltered (5.3 ± 
0.4 vs. 5.7 ± 0.4% injected tracer dose; n.s.; Figure 5.6C), this was attributable to a 2.7-
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fold higher excretion of 3H-cholesterol in the fecal neutral sterol fraction (1.4 ± 0.2% vs. 
3.8 ± 0.5% injected tracer dose; P < 0.01; Figure 5.6C). These findings demonstrate that 
probucol results in an increased movement of cholesterol from macrophages to the feces 
in mice with hepatic apoE overexpression. 

5.4 Discussion

This study demonstrates that hepatic overexpression of human apoE not only 
promotes SR-BI-mediated selective uptake of HDL cholesterol into the liver but also 
enhances the resecretion of RCT-relevant cholesterol via hepatocyte ABCA1 back to 
the plasma compartment. As a result, biliary and fecal mass sterol excretion and RCT 
remain unchanged in apoE-overexpressing mice with active ABCA1, whereas all of 
these parameters increase significantly when ABCA1 activity is blocked with probucol. 
Collectively, these results point to a metabolic shunt potentially connecting the SR-BI and 
the ABCA1 pathway with a high relevance for the regulation of RCT. 
The RCT pathway represents an important atheroprotective functionality of HDL.16, 17 

RCT comprises cholesterol efflux from macrophage foam cells within the vessel wall, 
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Figure 5.6. Probucol treatment increases in vivo macrophage-to-feces reverse cholesterol transport in 
apolipoprotein E-overexpressing mice. Mice were fed a control chow diet or a chow diet containing 0.5% 
probucol for 12 days before and then throughout the 48-h period of the experiment. On day 2 after injection 
with the human apolipoprotein E-expressing adenovirus AdhApoE3 mice received intraperitoneal injections 
with 3H-cholesterol-loaded primary mouse macrophage foam cells as described in Materials and Methods. 
(A) Time course of 3H-cholesterol recovery in plasma. (B) 3H-cholesterol within liver 48 h after macrophage 
administration. (C) 3H-cholesterol appearance in feces collected continuously from 0 to 48 h after macrophage 
administration and separated into bile acid and neutral sterol fractions as indicated. Data are expressed as 
percentage of the injected tracer dose and presented as means ± SEM. n = 8 mice for each condition. White 
bars, chow-fed controls; black bars, probucol-treated mice. * Significantly different from the respective controls 
as assessed by Mann-Whitney U-test (at least P < 0.05).



the transport of this cholesterol within HDL through the plasma compartment, the 
subsequent hepatic uptake via SR-BI or as a holoparticle, and excretion into the bile 
and feces.16, 17 In vitro, apoE expression by macrophages has been shown to stimulate 
cholesterol efflux.12-14 In addition, in vivo macrophage-to-feces RCT was lower when 
apoE-deficient macrophages were injected into wild-type mice compared with wild-
type macrophages injected into wild-type mice.15 Combined with our present results, 
these data suggest that apoE expression by macrophages might determine the general 
availability of macrophage-derived cholesterol for the RCT pathway directly at the point 
of entry, whereas in subsequent steps of RCT hepatic ABCA1 counteracts these effects. 
Experiments in SR-BI knockout mice as well as HDL kinetic studies in the current report 
demonstrated that apoE overexpression specifically increased selective uptake of HDL 
cholesterol into the liver. Importantly, the expression levels of hepatic SR-BI did not change 
in response to apoE overexpression. Therefore, our present findings are complementary 
to previous work demonstrating impaired hepatic selective HDL cholesterol uptake in 
mice lacking apoE,32 although the apoE knockout mouse model exhibits a considerably 
altered plasma lipid profile with substantially increased levels of apoB-containing 
lipoprotein remnants.32 In addition, selective uptake of HDL cholesterol into HepG2 
cells after treatment with a blocking antibody directed against apoE was reduced.33 It 
is possible that apoE stimulates SR-BI-mediated selective uptake due to an improved 
interaction of the HDL particle with SR-BI,32 although the exact mechanisms will require 
further investigation. 
Although hepatic human apoE overexpression increased the hepatic cholesterol content, 
biliary cholesterol excretion and the overall elimination of cholesterol from the body 
did not increase in wild-type mice or hCETP tg mice. The current observation that 
increased SR-BI-mediated selective uptake does not necessarily translate into enhanced 
biliary and fecal sterol excretion in the face of unaltered hepatic SR-BI expression is 
in agreement with earlier observations made by us in mice overexpressing group IIA 
secretory phospholipase A2 

23 or endothelial lipase (EL).21, 34 Transgenic overexpression of 
secretory phospholipase A2 or adenovirus-mediated overexpression of EL also resulted in 
an increased flux of cholesterol into the liver, whereas biliary cholesterol secretion and 
mass fecal excretion of sterols remained unaffected.21, 23, 34 On the other hand, altering the 
hepatic expression level of SR-BI has clear effects on biliary cholesterol secretion as well as 
RCT with overexpression resulting in an increase and knockdown in a decrease of both of 
these parameters.24, 34, 35 How can this discrepancy be explained? Recent data generated 
in probucol-fed mice demonstrated that a decrease in hepatic ABCA1 activity results in 
increased in vivo RCT.31 We therefore speculate that increased cholesterol uptake into the 
liver via SR-BI results in transport to a specific intrahepatic compartment also accessible 
for ABCA1-mediated resecretion back into the plasma compartment to generate new 
HDL particles. Increasing hepatic SR-BI expression levels 24, 34 or decreasing the activity 
of ABCA1 might shift the balance toward biliary secretion (present report and Reference 
31). However, the nature of these intrahepatic cholesterol pools is unknown. Future in 
vitro studies should therefore focus on the intracellular trafficking of cholesterol and, 
using a pulse-chase set-up, on the incorporation of HDL-derived cholesterol tracers into 
newly formed HDL in models with altered expression of hepatocyte ABCA1. Ideally, such 
studies should be carried out in polarized liver cells. To formally relate the cholesterol 
mass changes observed in our current study to each other, quantifying cholesterol fluxes 
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would be required, which has not been done in our present study and thus represents a 
potential limitation in the interpretation of our current work. 
Systemic apoE 7-11 and macrophage-derived apoE 36-39 have been shown to protect against 
atherosclerotic lesion formation due to effects not immediately involving RCT. ApoE 
promotes the clearance of atherogenic lipoproteins,6, 8, 10 and also a number of pleiotropic 
effects of apoE might be important. For example, apoE has antioxidative properties. ApoE 
prevented oxidative cell death in cultured neuronal cells and inhibited copper-mediated 
oxidation of LDL, a key event in the initiation and progression of atherosclerotic lesions.40 
Moreover, apoE knockout mice have significantly increased in vivo oxidative stress, as 
determined by plasma, urinary, and vascular isoprostane levels,41 whereas hepatic 
overexpression of apoE in LDL receptor knockout mice resulted in a reduced oxidative 
stress burden and decreased atherosclerosis independent of plasma lipid and lipoprotein 
levels.9 Anti-inflammatory activities of apoE also add to its atheroprotective properties. In 
vitro studies have shown that apoE can suppress proliferation of cultured peripheral blood 
T lymphocytes 42 and shifts polarization of mouse macrophages to the anti-inflammatory 
M2 phenotype.43 In vivo, apoE-deficient mice exhibit an exaggerated proinflammatory 
cytokine response after LPS injection compared with wild-type mice,44, 45 which could be 
partially normalized by hepatic overexpression of human apoE3.44 In addition, apoE can 
prevent LPS-induced mortality in wild-type mice.45 More recently, hepatic expression of 
human apoE has been shown to limit monocyte entry into the vessel wall and thereby 
to contribute significantly to regression of preexisting plaques in apoE knockout mice.46 

Finally, apoE might be antiatherogenic by inhibiting platelet aggregation 47 as well as 
proliferation of vascular smooth muscle cells.48 
In summary, this study demonstrates that hepatic overexpression of human apoE3 not 
only facilitates SR-BI-mediated selective uptake of HDL cholesterol into the liver but 
also increases ABCA1-mediated resecretion of RCT-relevant cholesterol back into the 
plasma compartment. Decreasing hepatocyte ABCA1 activity might therefore represent 
a strategy to enhance the anti-atherosclerotic efficacy of apoE. However, before applying 
such strategies, the underlying mechanisms need to be delineated in more detail. 
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Supplemental information chapter 5

Supplemental materials and methods

Animals
Human cholesteryl ester transfer protein transgenic (hCETP tg) mice, expressing a human 
CETP minigene under the control of its natural flanking regions,1 originated from Dr. Alan 
Tall´s laboratory at Columbia University (New York, NY) and were bred at the Leiden 
University Medical Center, The Netherlands.

Western blotting
Western blots for apolipoprotein (apo) A-I and apoB48/100 were carried out on plasma. 
Western blots for apoA-I and human apoE were carried out on fast protein liquid 
chromatography (FPLC) fractions. Equal amounts of plasma and individual FPLC fractions 
were resolved by SDS-PAGE electrophoresis and blotted onto nitrocellulose. ApoA-I was 
visualized using a commercially available rabbit anti-mouse apoA-I antibody (Calbiochem, 
San Diego, CA), apoB48/100 was detected using a commercially available rabbit anti-
mouse apoB48/100 antibody (Biodesign, Memphis, TN) and human apoE was visualized 
using a mouse monoclonal anti-human apoE3 antibody 2 each followed by the appropriate 
HRP-conjugated secondary antibody. HRP was detected using chemiluminescence (ECL, 
GE Healthcare, Piscataway, NJ). For plasma apoA-I and apoB48/100 Western blots 
densitometry analysis of the bands was performed using ImageJ software (National 
Institutes of Health, Bethesda, MD). Results were normalized to the relative expression 
levels of the respective controls, i.e mice receiving the control adenovirus AdNull.
Western blots for SR-BI were carried out on total liver homogenates as well as on hepatic 
membrane fractions prepared essentially as described.3 Protein concentrations were 
determined with the bicinchoninic acid (BCA) assay (Pierce Biotechnology, Inc., Rockford, 
IL). Equal amounts of protein were resolved by SDS-PAGE electrophoresis and blotted 
onto nitrocellulose. SR-BI was visualized using a commercially available goat anti-mouse 
SR-BI antibody (Novus Biologicals, Littleton, CO), followed by the appropriate HRP-
conjugated secondary antibody. Detection of HRP and densitometry analysis of the bands 
was performed as detailed above.
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Supplemental table 5.I. Plasma lipids in human CETP transgenic mice in response to hepatic apolipoprotein E 
overexpression.

hCETP tg
AdNull AdhApoE3

Total cholesterol (mg/dl) 54.5 ± 4.1 46.9 ± 3.5
Free cholesterol (mg/dl) 25.3 ± 3.9 28.0 ± 2.5
Esterified cholesterol (mg/dl) 29.2 ± 1.6 19.0 ± 1.4a

Phospholipids (mg/dl) 87.9 ± 10.1 87.1 ± 8.2
Triglycerides (mg/dl) 29.8 ± 5.3 38.7 ± 9.0

Samples were taken on day 4 following adenovirus injection, and plasma lipids were determined as described 
under Materials and Methods. Values are means ± SEM; n = 6 mice for each condition. AdhApoE3, recombinant 
adenovirus expressing human apoE3; AdNull, empty control adenovirus; hCETP tg, human cholesteryl ester 
transfer protein transgenic mice. a Significantly different from the respective AdNull-injected controls as 
assessed by Mann-Whitney U-test (at least P < 0.05).

Supplemental table 5.II.  Liver lipid composition in human CETP transgenic mice in response to hepatic 
apolipoprotein E overexpression. 

hCETP tg
AdNull AdhApoE3

Total cholesterol (nmol/mg liver) 7.7 ± 0.1 10.4 ± 0.6a

Free cholesterol (nmol/mg liver) 5.6 ± 0.1 8.0 ± 0.8a

Esterified cholesterol (nmol/mg liver) 2.0 ± 0.1 2.5 ± 0.4
Phospholipids (nmol/mg liver) 25.5 ± 1.3 26.4 ± 0.5
Triglycerides (nmol/mg liver) 38.8 ± 2.4 78.5 ± 9.2a

Livers of mice administered the respective adenoviruses were harvested on day 4 following adenovirus injection 
and snap-frozen in liquid nitrogen. Liver lipids were measured as described under Materials and Methods. 
Values are means ± SEM; n = 6 mice for each condition. AdhApoE3, recombinant adenovirus expressing human 
apoE3; AdNull, empty control adenovirus; hCETP tg, human cholesteryl ester transfer protein transgenic mice.  
a Significantly different from the respective AdNull-injected controls as assessed by Mann-Whitney U-test (at 
least P < 0.05).
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Supplemental table 5.III. Hepatic mRNA expression in human CETP transgenic mice in response to hepatic 
apolipoprotein E overexpression.

hCETP tg
AdNull AdhApoE3

Sr-b1 1.00 ± 0.07  0.65 ± 0.06a

Abcb11 1.00 ± 0.06  0.60 ± 0.07a

Abcb4 1.00 ± 0.10 0.85 ± 0.03
Abcg5 1.00 ± 0.08  0.48 ± 0.06a

Abcg8 1.00 ± 0.07  0.62 ± 0.08a

Cyp7a1 1.00 ± 0.19 0.38 ± 0.07
Cyp27a1 1.00 ± 0.11  0.41 ± 0.03a

Cyp8b1 1.00 ± 0.20  0.48 ± 0.06a

Srebp2 1.00 ± 0.05  0.77 ± 0.04a

Ldlr 1.00 ± 0.04  0.77 ± 0.06a

Hmgcr 1.00 ± 0.10 0.74 ± 0.06
Abca1 1.00 ± 0.05 0.88 ± 0.07

Livers of mice administered the respective adenoviruses were harvested on day 4 following adenovirus injection 
and snap-frozen in liquid nitrogen. mRNA expression levels were determined by real-time quantitative PCR as 
described under Materials and Methods. Values are means ± SEM; n = 6 mice for each condition. Within each 
set of experiments, gene expression levels are related to the respective AdNull-injected controls. AdhApoE3, 
recombinant adenovirus expressing human apoE3; AdNull, empty control adenovirus; hCETP tg, human 
cholesteryl ester transfer protein transgenic mice. a Significantly different from the respective AdNull-injected 
controls as assessed by Mann-Whitney U-test (at least P < 0.05).

Supplemental table 5.IV. Fecal excretion of neutral sterols in wild-type and human CETP transgenic mice in 
response to hepatic apoE overexpression.

Wild-type hCETP tg
AdNull AdhApoE3 AdNull AdhApoE3

Coprostanol (μmol/day) 0.55 ± 0.15 0.36 ± 0.09 0.78 ± 0.08 0.83 ± 0.09
Cholesterol (μmol/day) 2.30 ± 0.09 1.94 ± 0.27 2.77 ± 0.27 2.62 ± 0.30
Dihydrocholesterol (μmol/day) 0.25 ± 0.03  0.19 ± 0.02a 0.26 ± 0.01 0.23 ± 0.01
Total neutral sterols (μmol/day) 3.11 ± 0.22 2.49 ± 0.34 3.80 ± 0.34 3.67 ± 0.40

Mice of the indicated genotypes administered the respective adenoviruses were individually housed and feces 
were collected over a period of 24 h starting on day 3 after adenovirus injection. Fecal samples were separated 
from the bedding, dried, weighed, and ground. Aliquots were used to determine the content of different neutral 
sterol species by gas liquid chromatography as described under Materials and Methods. Values are means ± 
SEM; n = 6 mice for each condition. AdhApoE3, recombinant adenovirus expressing human apoE3; AdNull, 
empty control adenovirus; hCETP tg, human cholesteryl ester transfer protein transgenic mice. a Significantly 
different from the respective AdNull-injected controls as assessed by Mann-Whitney U-test (at least P < 0.05).
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Supplemental table 5.V. Fecal excretion of bile acids in wild-type and human CETP transgenic mice in response 
to hepatic apoE overexpression.

Wild-type hCETP tg
AdNull AdhApoE3 AdNull AdhApoE3

Allocholic acid    
(μmol/day)

0.067 ± 0.008 0.088 ± 0.006 ND ND

α-Muricholic acid 
(μmol/day)

0.124 ± 0.016 0.124 ± 0.008 0.332 ± 0.046 0.246 ± 0.032

Deoxycholic acid 
(μmol/day)

0.717  ± 0.056 0.923 ± 0.060a 1.204 ± 0.163 1.198 ± 0.205

Cholic acid 
(μmol/day)

0.175 ± 0.037 0.286 ± 0.043 0.195 ± 0.041 0.247 ± 0.037

Chenodeoxycholic acid 
(μmol/day)

0.050 ± 0.006 0.051 ± 0.008 ND ND

Hyodeoxycholic acid 
(μmol/day)

0.043 ± 0.003 0.057 ± 0.007 0.160 ± 0.018 0.135 ± 0.026

β-Muricholic acid 
(μmol/day)

0.240 ± 0.028 0.124 ± 0.009a 0.479 ± 0.070 0.568 ± 0.064

ω-Muricholic acid 
(μmol/day)

0.910 ± 0.069 1.021 ± 0.056 2.054 ± 0.204 1.864 ± 0.276

Total bile acids 
(μmol/day)

2.33 ± 0.19 2.65 ± 0.11 4.42 ± 0.48 4.26 ± 0.58

Mice of the indicated genotypes administered the respective adenoviruses were individually housed and feces 
were collected over a period of 24 h starting on day 3 after adenovirus injection. Fecal samples were separated 
from the bedding, dried, weighed, and ground. Aliquots were used to determine the content of different bile 
acid species by gas liquid chromatography as described under Materials and Methods. Values are means ± SEM; 
n = 6 mice for each condition. AdhApoE3, recombinant adenovirus expressing human apoE3; AdNull, empty 
control adenovirus; hCETP tg, human cholesteryl ester transfer protein transgenic mice; ND = not detectable. 
a Significantly different from the respective AdNull-injected controls as assessed by Mann-Whitney U-test (at 
least P < 0.05).
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Supplemental figure 5.I. Apolipoprotein E overexpression decreases plasma protein levels of apoA-I and 
apoB100. On day 4 following injection with either the control adenovirus AdNull or the human apolipoprotein 
E3 expressing adenovirus AdhApoE3 plasma samples were taken. Protein expression of (A) apoA-I, (B) apoB100, 
and (C) apoB48 in plasma was determined by Western blotting as described under Supplemental materials 
and methods. The upper panel shows the Western blot and the lower panel its respective quantification. Data 
are presented as means ± SEM. n = 6 mice for each condition. -, AdNull-injected mice; +, AdhApoE3-injected 
mice. White bars, AdNull-injected mice; black bars, AdhApoE3-injected mice. * Significantly different from the 
respective AdNull-injected controls as assessed by Mann-Whitney U-test (at least P < 0.05).
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Supplemental figure 5.II. Distribution of human apolipoprotein E over the different lipoprotein fractions. 
Pooled plasma samples (n = 6 mice per group) collected on day 4 following injection of wild-type mice with 
either the control adenovirus AdNull or the human apolipoprotein E3 expressing adenovirus AdhApoE3 were 
subjected to fast protein liquid chromatography (FPLC) analysis using a Superose 6 column, then cholesterol 
concentrations were determined. Protein expression of apoA-I and human apoE in individual fractions was 
determined by Western blotting as described under Supplemental materials and methods. Open circles, 
AdNull-injected controls; filled squares; AdhApoE3-injected mice.

Supplemental figure 5.III. Apolipoprotein E overexpression affects plasma cholesterol distribution over the 
different lipoprotein subclasses in human CETP transgenic mice. Fast protein liquid chromatography (FPLC) 
profiles in response to apolipoprotein E overexpression in human CETP transgenic mice (hCETP tg). Pooled 
plasma samples collected on day 4 following injection with either the control adenovirus AdNull or the human 
apolipoprotein E3 expressing adenovirus AdhApoE3 were subjected to gel filtration chromatography analysis 
using a Superose 6 column. n = 6 mice for each condition. Open circles, AdNull-injected controls; filled squares; 
AdhApoE3-injected mice.
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Supplemental figure 5.IV. Apolipoprotein E overexpression does not affect hepatic protein expression of SR-
BI. On day 4 following injection with either the control adenovirus AdNull or the human apolipoprotein E3 
expressing adenovirus AdhApoE3 livers were snap-frozen in liquid nitrogen. Hepatic protein expression for SR-
BI was determined in total liver homogenates in (A) wild-type and (B) human CETP transgenic mice as well as 
in hepatic membrane fractions in (C) wild-type and (D) human CETP transgenic mice by Western blotting as 
described under Supplementary materials and methods. The upper panel shows the Western blot and the 
lower panel its quantification. Data are presented as means ± SEM. n = 6 mice for each condition. -, AdNull-
injected mice; +, AdhApoE3-injected mice. White bars, AdNull-injected mice; black bars, AdhApoE3-injected 
mice. hCETP tg, human cholesteryl ester transfer protein transgenic mice.
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Supplemental figure 5.V. Apolipoprotein E overexpression decreases biliary cholesterol excretion in human 
CETP transgenic mice. Bile flow (A) and biliary secretion rates of (B) bile acids (BA), (C) phospholipids (PL), 
and (D) cholesterol (TC) in response to hepatic apolipoprotein E overexpression in human CETP transgenic 
mice. On day 4 following injection with either the control adenovirus AdNull or the human apolipoprotein 
E3 expressing adenovirus AdhApoE3 bile was collected continuously for 30 minutes. Biliary output rates of 
bile acids, phospholipids, and cholesterol were determined as described under Materials and Methods. Data 
are presented as means ± SEM. n = 6 mice for each condition. White bars, AdNull-injected mice; black bars, 
AdhApoE3-injected mice. * Significantly different from the respective AdNull-injected controls as assessed by 
Mann-Whitney U-test (at least P < 0.05).

Supplemental figure 5.VI. Apolipoprotein E overexpression does not affect in vivo macrophage-to-feces 
reverse cholesterol transport in human CETP transgenic mice. On day 2 following injection with either the 
control adenovirus AdNull or the human apolipoprotein E3 expressing adenovirus AdhApoE3 mice received 
intraperitoneal injections with 3H-cholesterol-loaded primary mouse macrophage foam cells as described 
under Materials and Methods. (A) Time course of 3H-cholesterol recovery in plasma. (B) 3H-cholesterol within 
liver 48 h after macrophage administration. (C) 3H-cholesterol appearance in feces collected continuously from 
0 to 48 h after macrophage administration and separated into bile acid and neutral sterol fractions as indicated. 
Data are expressed as percentage of the injected tracer dose and presented as means ± SEM. n = 8 mice for each 
condition. White bars, AdNull-injected mice; black bars, AdhApoE3- injected mice. * Significantly different from 
the respective AdNull-injected controls as assessed by Mann-Whitney U-test (at least P < 0.05).





chapter  6

High-density lipoprotein function is impaired in acute 
myocardial infarction patients independent of plasma 

high-density lipoprotein cholesterol levels

Wijtske Annema1,2,*

Hendrik M. Willemsen3,*

Jan Freark de Boer1

Wybe Nieuwland3

Anneke C. Muller Kobold4

L. Joost van Pelt4

Riemer H.J.A. Slart5,6

Iwan C.C. van der Horst3

Robin P.F. Dullaart7

René A. Tio3,*

Uwe J.F. Tietge1,2,*

1Department of Pediatrics, Center for Liver, Digestive, and Metabolic Diseases, 
University of Groningen, University Medical Center Groningen, Groningen, The Netherlands.

2Top Institute Food and Nutrition, Wageningen, The Netherlands.
3Department of Cardiology, University of Groningen, 

University Medical Center Groningen, Groningen, The Netherlands.
4Department of Laboratory Medicine, University of Groningen, 

University Medical Center Groningen, Groningen, The Netherlands.
5Department of Nuclear Medicine and Molecular Imaging, University of Groningen, 

University Medical center Groningen, Groningen, The Netherlands.
6Cardiovascular Imaging Group Groningen, University of Groningen, 
University Medical Center Groningen, Groningen, The Netherlands.

7Department of Endocrinology, University of Groningen, 
University Medical Center Groningen, Groningen, The Netherlands.

*Equal contributing authors.

European Heart Journal;  Under revision



Abstract

Background. High-density lipoprotein (HDL) function represents an emerging concept in 
cardiovascular research. However, in studies conducted thus far significant differences in 
baseline mass HDL cholesterol levels between groups potentially confound interpretation 
of HDL function data. This study investigated whether an acute myocardial infarction (MI) 
would impact the functionality of HDL independent of HDL cholesterol plasma levels. 
Methods and Results. Three key anti-atherogenic functions of HDL were measured in 
patients with non-ST-segment elevation MI (non-STEMI, n = 41), STEMI patients (n = 37), 
and controls (n = 33), who were matched for age and plasma HDL cholesterol. STEMI 
HDL displayed reduced cholesterol efflux from macrophage foam cells compared to 
controls (P < 0.001) and non-STEMI (P < 0.001). Anti-oxidative function of HDL did not 
differ among groups. Relative to controls, TNF-α-induced adhesion molecule expression 
in endothelial cells was 1.5-fold higher with non-STEMI HDL (P = 0.81) and 3.2-fold higher 
with STEMI HDL (P = 0.001), indicating impaired anti-inflammatory HDL functionality in 
the STEMI group. Cholesterol efflux correlated with anti-inflammatory HDL activity (P < 
0.001). Not systemic inflammation, but specifically plasma myeloperoxidase levels were 
independently associated with impaired HDL function (efflux: P = 0.022; anti-inflammation: 
P < 0.001). MI was predicted by the efflux (odds ratio (OR): 5.66 [95% confidence interval 
(CI): 1.26-25.00]; P = 0.024) as well as the anti-inflammatory functionality of HDL (OR: 
5.53 [95% CI: 1.83-16.73]; P = 0.002). 
Conclusion. Independent of plasma HDL cholesterol levels, two out of three anti-
atherogenic HDL functionalities tested were significantly impaired in STEMI patients, 
namely cholesterol efflux and anti-inflammatory properties. Increased myeloperoxidase 
levels might represent an underlying unifying mechanism for decreased HDL functionality 
in MI patients. 
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6.1 Introduction

Large population studies demonstrated that increased plasma high-density lipoprotein 
(HDL) cholesterol levels confer significant protection against atherosclerotic cardiovascular 
disease (CVD) morbidity and mortality independent of other risk factors.1, 2 However, on 
the level of individual patients or specific sub-groups of patients this inverse relationship 
is variable and even high HDL cholesterol levels are found in patients presenting with 
CVD events.3, 4 From such clinical observations the concept emerged that besides HDL 
cholesterol mass levels the functionality of the HDL particle might be at least equally 
important.4-6 HDL has various atheroprotective functions, among which three are highly 
relevant: (i) cholesterol efflux, i.e. the removal of excess cholesterol from macrophage 
foam cells within the arterial wall, the first and a critical step in reverse cholesterol 
transport;7, 8 (ii) anti-oxidative properties, comprising the protection of low-density 
lipoproteins (LDL) against oxidation, a type of modification associated with a substantial 
increase in the atherogenicity of LDL particles;9-11 and (iii) anti-inflammatory activity, such 
as the capacity of HDL to inhibit inflammation-induced adhesion molecule expression 
in endothelial cells, a prime event in the initiation of atherosclerotic lesion formation.12 
However, thus far comprehensive studies evaluating occurrence of HDL dysfunction in 
patients with CVD only focused upon selected HDL functionalities, such as the cholesterol 
efflux potential 13, 14 or the anti-oxidative capacity of HDL.15 Moreover, data interpretation 
in these studies is complicated by substantial differences in baseline plasma HDL 
cholesterol levels between the groups investigated. 
The aim of our current study was to assess whether three key functional properties of 
HDL were altered in patients presenting with acute myocardial infarction (MI). To provide 
proof-of-concept that such alterations in function occur independent of plasma HDL 
cholesterol mass levels, groups were matched for HDL cholesterol in addition to age. 
Our results demonstrate that HDL from STEMI patients was significantly dysfunctional in 
two out of three assays, namely cholesterol efflux and anti-inflammatory properties. Not 
systemic inflammation, but specifically plasma myeloperoxidase levels were in multiple 
linear regression analyses associated with impaired HDL function independent of age and 
sex, HDL cholesterol, Framingham risk factors, and ESC risk score. Furthermore, MI was 
predicted by the efflux as well as the anti-inflammatory functionality of HDL.

6.2 Materials and Methods
 
6.2.1 Study population
Three different groups of subjects taken from the Quick Identification of acute Chest pain 
Study (QICS) 16 were investigated: patients with MI presenting with (n = 37) or without 
(n = 41) ST-segment elevation as well as non-cardiac controls (n = 33). All groups were 
matched for age and plasma HDL cholesterol levels. Non-cardiac control patients actually 
presented to the emergency room with symptoms of acute MI, which was later excluded 
on the basis of diagnostic tests. Patients with atypical clinical presentation belonging to 
a low risk group, normal (sequential) electrocardiograms, normal (sequential) troponin 
T levels (including a sample drawn at least 6 h after onset of chest pain), and with a 
subsequently negative exercise test were considered as non-cardiac chest pain patients. 
We specifically chose this group to control for the potential impact of stress-related factors 

-  149  -

Impaired HDL function in acute MI patients



on the results. In addition, asymptomatic healthy control subjects (n = 19) were studied 
(for clinical details see Supplemental table 6.I). The study complies with the Declaration 
of Helsinki. The protocol has been approved by the responsible medical ethics committee 
of the University Medical Center Groningen. QICS involves the anonymous storage of 
frozen plasma, for which approval from the local ethical committee was requested but 
waved, because such storage is performed as standard for future additional testing in 
order to evaluate future clinical important diagnostic considerations. A more detailed 
description of study design, inclusion criteria, and routine laboratory measurements has 
been published.16, 17

6.2.2 Laboratory measurements and definitions
Blood samples were collected from all subjects directly at admission, plasma was 
immediately obtained and stored at -80°C until further use. Biochemical analysis of 
the routine parameters including creatine kinase (CK), CK myocardial band (CK-MB), 
and troponin T was performed on a Hitachi 717 automatic analyzer, according to the 
International Federation of Clinical Chemistry recommendation, at 30°C. Myeloperoxidase 
was analyzed in human EDTA plasma with an automated chemiluminescent microparticle 
immunoassay on the ARCHITECT i System with STAT protocol capability (Abbott 
Laboratories, Wiesbaden, Germany). The SCORE risk charts of the European Society for 
Cardiology were used to estimate the risk of developing a fatal CVD event over the next 
10 years (ESC risk score).18 
HDL function measurements were carried out in all respective patient samples at the 
same time to limit potential variation due to different assay conditions. Previous analyses 
performed in our laboratory demonstrated that the duration of storage of plasma at 
-80°C did not impact the results of the different HDL function assays (data not shown). 
Before analysis, apolipoprotein B-containing lipoproteins were precipitated from plasma 
by adding 100 μL 36% polyethylene glycol (PEG 6000, Sigma, St. Louis, MO, USA) in 10 
mM HEPES (pH = 8.0) to 200 μl plasma followed by a 30 min incubation on ice.14, 15, 19-21 
After 30 min centrifugation at 2200 g, the HDL-containing supernatant was collected, 
kept on ice, and used directly for HDL function assays. 
To determine HDL-mediated cholesterol efflux, THP-1 human monocytes (ATCC via LGC 
Promochem, Teddington, UK) were differentiated into macrophages by the addition 
of 100 nM phorbol myristate acetate.22 Differentiated THP-1 macrophages were then 
loaded with 50 μg/mL acetylated LDL and 1 μCi/mL 3H-cholesterol (Perkin Elmer, Boston, 
MA, USA) for 24 h followed by equilibration for 18 h in RPMI 1640 medium containing 2% 
bovine serum albumin.22 Thereafter, HDL (12.5 μg/mL cholesterol) isolated as detailed 
above was added to the macrophages. After 24 h an aliquot of medium was counted 
to quantitate the effluxed cholesterol label following table-top centrifugation to pellet 
cellular debris. Then the plates were washed two times with phosphate buffered saline 
(PBS) and incubated for 30 min with 0.1 M NaOH at room temperature, whereupon the 
radioactivity remaining within the cells was determined by liquid scintillation counting 
(Packard 1600CA Tri-Carb, Packard, Meriden, CT, USA). Efflux per well is expressed as the 
percentage of counts released into the medium related to the total dose of radioactivity 
initially present (counts recovered within the medium added to the counts recovered 
from the cells). Values obtained from control cells without added HDL were subtracted to 
correct for unspecific non-HDL-mediated efflux.
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The anti-oxidative properties of HDL were assessed by measuring the capacity of HDL from 
the respective groups to inhibit the oxidation of native LDL using a previously published 
method.19-21, 23 LDL was isolated from plasma of a fasted healthy male donor by sequential 
ultracentrifugation (1.019 < d < 1.063).24 LDL (1000 μg/mL cholesterol) was oxidized with 5 
mM AAPH for 24 h at 37°C either in the presence of HDL isolated by PEG precipitation (50 
μg/ml cholesterol) or an equal volume of precipitation agent in PBS as a control. Following 
protein precipitation with 10% trichloroacetic acid, the accumulation of thiobarbituric 
acid reactive substances (TBARS) as a measure of oxidative modification was determined 
by incubating the samples for 10 min at 99°C and measuring the fluorescence at 485 
nm excitation and 545 nm emission using 1,1,3,3-tetramethoxypropane as a standard as 
published previously.24 The anti-oxidative capacity of HDL was expressed as the amount 
of TBARS accumulating in the samples relative to control LDL oxidized in the absence of 
HDL.
Anti-inflammatory properties of HDL were assessed in vitro using human umbilical vein 
endothelial cells (HUVEC, provided by the Endothelial Cell Core Facility of the UMCG) 
isolated and cultured essentially as described previously.23 HUVECs were pre-incubated 
with either HDL isolated by PEG precipitation (25 μg/mL cholesterol) or an equal volume 
of precipitation reagent in PBS as a control for 1 h. Then 10 ng/mL tumor necrosis factor 
α (TNF-α, R&D systems, Abingdon, UK) was added. After an additional incubation for 8 h 
total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) and quantified with a 
NanoDrop ND-100 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, 
USA). One μg of total RNA was used for cDNA synthesis with reagents from Invitrogen. 
PCR primers and fluorogenic probes were designed with the Primer Express Software 
(Applied Biosystems, Carlsbad, CA, USA) and synthesized by Eurogentec (Seraing, 
Belgium). Real-time quantitative PCR was performed on an ABI-Prism 7700 (Applied 
Biosystems) sequence detector with the default settings as described.25 Vascular cell 
adhesion molecule-1 (VCAM-1) mRNA expression levels were calculated relative to the 
average of the housekeeping gene cyclophilin and further normalized to the relative 
expression level of the non-cardiac controls. 
For all HDL function assays we confirmed that the main part of the biological activity 
of apoB-depleted plasma was due to the presence of HDL (Supplemental figure 6.I). 
The concentrations of HDL cholesterol used in the individual assays were determined 
after PEG precipitation and were in pilot experiments found to result in an intermediate 
biological response using various control HDL preparations from healthy donors thereby 
allowing for a dynamic and non-saturated range of responses with various patient HDL 
preparations (Supplemental figure 6.II). All analyses were carried out at least in duplicates.

6.2.3 Statistical analyses
The Statistical Package for the Social Sciences (SPSS Inc., Chicago, IL, USA) version 16.0 
and STATA version 10.0 (StataCorp LP, College Station, TX, USA) were used for all statistical 
analyses. Normally distributed continuous data are expressed as mean with standard 
deviation, whereas skewed distributed variables are given as median [interquartile range]. 
Totals (percentages) were used to summarize categorical variables. Log transformation 
was used for data with a skewed distribution.
Statistical differences in HDL function measures and normally distributed continuous 
parameters among the three groups were assessed by one-way analysis of variance 
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followed by Bonferroni post hoc test for comparisons between individual groups. Kruskal-
Wallis test followed by Mann-Whitney U test was performed to test for differences in 
medians among groups. Differences in categorical variables were assessed by chi-square 
analysis. 
Univariate correlations between HDL function measures and continuous variables were 
established using linear regression analysis. Multiple linear regression analysis was used 
to assess the independent contribution of plasma levels of CK, CK-MB, C-reactive protein 
(CRP), and myeloperoxidase to HDL functionality measures (HDL efflux potential or HDL 
anti-inflammatory capacity being the dependent variable). All multiple linear regression 
analyses were adjusted for age and sex (model A), for HDL cholesterol (model B), for 
systolic blood pressure, LDL cholesterol, smoking, and diabetes (model C), and for the 
ESC risk score (model D). Odds ratios (ORs) and their corresponding 95% confidence 
intervals (CIs) were computed using conditional logistic regression, taking into account 
the matching variables age and plasma HDL cholesterol levels. Continuous variables were 
categorized into quartiles, and ORs were calculated for each potential risk factor by using 
the three low-risk quartiles combined as the reference group. 
A P value of < 0.05 was considered statistically significant. 

6.3 Results

Table 6.1. Clinical characteristics of the patients investigated.

Non-cardiac
(n = 33)

Non-STEMI
(n = 41)

STEMI

(n = 37)

P value

Demographics
Age, years 63 ± 12 68 ± 11 67 ± 11 0.231
Male, n (%) 19 (58) 27 (66) 28 (76) 0.274
Current smoking, n (%) 5 (15) 14 (34) 14 (38) 0.086
Previous smoking, n (%) 11 (33) 20 (49) 18 (49) 0.329
Hypertension, n (%) 11 (33) 17 (42) 9 (24) 0.277
Dyslipidemia, n (%) 10 (30) 14 (34) 8 (22) 0.464
Obesity, n (%) 11 (33) 8 (20) 8 (22) 0.347
ESC risk score 2 [1-4] 4 [2-5]1 3 [2-4] 0.032
Prior history of cardiovascular disease
Family history of CAD, n (%) 13 (39) 17 (42) 12 (32) 0.697
Previous MI, n (%) 4 (12) 5 (12) 4 (11) 0.978
Previous PCI, n (%) 2 (6) 8 (20) 5 (14) 0.243
Previous CABG, n (%) 2 (6) 6 (15) 2 (5) 0.284
Previous CHF, n (%) 3 (9) 6 (15) 1 (3) 0.185
Previous stroke, n (%) 1 (3) 0 (0) 0 (0) 0.303
Other underlying diseases
Diabetes mellitus, n (%) 4 (12) 4 (10) 6 (16) 0.688
Heart valve disease, n (%) 0 (0) 0 (0) 0 (0) -
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Peripheral vascular disease, n (%) 1 (3) 2 (5) 0 (0) 0.411
Chronic renal disease, n (%) 1 (3) 2 (5) 0 (0) 0.411
Plasma lipids
Total cholesterol, mmol/L 4.8 ± 1.3 5.3 ± 2.7 4.8 ± 1.2 0.453
LDL cholesterol, mmol/L 2.7 ± 1.0 3.2 ± 1.3 3.3 ± 1.1 0.081
HDL cholesterol, mmol/L 1.3 ± 0.3 1.3 ± 0.3 1.3 ± 0.3 0.928
Triglycerides, mmol/L 2.0 [1.2-2.7] 1.5 [1.1-2.0] 0.9 [0.5-1.4]2,4 <0.001
Blood pressure
Systolic blood pressure, mmHg 142 ± 19 141 ± 26 127 ± 201,3 0.012
Diastolic blood pressure, mmHg 77 ± 11 73 ± 14 74 ± 13 0.465
Markers of myocardial injury
Maximal troponin T, ng/mL 0.00 

[0.00-0.00]
0.27 

[0.04-1.76]2
3.82 

[1.18-10.34]2,4
<0.001

CK at presentation, ng/mL 28 [22-39] 79 [41-169]2 118 [94-265]2,3 <0.001
Maximal CK, ng/mL 39 

[27-53]
143 

[62-349]2
999 

[359-2476]2,4
<0.001

CK-MB at presentation, ng/mL 2 [2-4] 13 [4-23]2 17 [12-30]2,3 <0.001
Maximal CK-MB, ng/mL 3 [2-5] 20 [7-57]2 164 [53-357]2,4 <0.001
Inflammation
CRP, mg/L 2.0 

[2.0-6.0]
6.0 

[2.5-21.5]1
11.0 

[2.5-40.0]1
0.034

Myeloperoxidase, pmol/L 163 
[107-337]

198 
[128-1044]

1164 
[857-1763]2,4

<0.001

Medication
Beta blockers, n (%) 10 (30) 19 (46) 7 (19)3 0.038
Aspirin, n (%) 7 (21) 15 (37) 7 (19) 0.155
Oral anti-coagulation, n (%) 5 (15) 8 (20) 4 (11) 0.567
Statins, n (%) 11 (33) 19 (46) 9 (24) 0.122
Nitrates, n (%) 3 (9) 4 (10) 2 (5) 0.568
Calcium antagonists, n (%) 8 (24) 6 (15) 5 (14) 0.071
Kidney function
Creatinine, μmol/L 97.0 ± 21.7 139.4 ± 1.7 91.0 ± 27.4 0.115

Data are expressed as mean ± standard deviation, median [interquartile range], or total (percentage). 
Differences between the groups were tested with one-way analysis of variance followed by Bonferroni post 
hoc test for normally distributed variables, Kruskal-Wallis test followed by Mann-Whitney U test for skewed 
distribution, and chi-square test for categorical variables. Abbreviations: CABG, coronary artery bypass grafting; 
CAD, coronary artery disease; CHF, congestive heart failure; CK, creatine kinase; CRP, C-reactive protein; ESC, 
European Society of Cardiology; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MB, myocardial 
band; MI, myocardial infarction; non-STEMI, myocardial infarction without ST-elevation; PCI, percutaneous 
coronary intervention; STEMI, myocardial infarction with ST-elevation.
1 P < 0.05 compared with non-cardiac; 2 P < 0.001 compared with non-cardiac; 3 P < 0.05 compared with non-
STEMI; 4 P < 0.001 compared with non-STEMI
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6.3.1 Study population characteristics.
Forty-one non-STEMI patients, 37 STEMI patients, and 33 controls with non-cardiac 
acute chest pain were included in the analysis. Clinical characteristics of the patients 
and controls are shown in Table 6.1. Since patients were matched for age and plasma 
HDL cholesterol levels, these parameters were not different among the groups. Also the 
proportion of males, smokers, and individuals with established CVD risk factors, such 
as hypertension, obesity, family history of coronary artery disease, diabetes mellitus, 
chronic renal disease, peripheral vascular disease, and a previous CVD event, were 
evenly distributed among the three groups. In addition, plasma total cholesterol and 
LDL cholesterol levels were not significantly different in the patients diagnosed with MI. 
However, patients presenting with STEMI had significantly lower plasma triglycerides (P 
< 0.001 compared to both non-cardiac and non-STEMI) and lower systolic blood pressure 
(P < 0.05 compared to both non-cardiac and non-STEMI). The median ESC risk score, that 
estimates the risk of developing a fatal CVD event over the next 10 years, was higher in 
the non-STEMI patients compared to the non-cardiac controls (P < 0.05). As expected, 
none of the non-cardiac controls had detectable levels of troponin T, whereas non-STEMI 
patients showed significantly elevated plasma troponin T levels compared to non-cardiac 
controls (P < 0.001). Increases in plasma troponin T were even more pronounced in the 
STEMI patients (P < 0.001 compared to both non-cardiac and non-STEMI). Maximal plasma 
CK and CK-MB levels were also elevated in the MI patients compared to controls (each P 
< 0.001), and significantly higher in STEMI compared to non-STEMI patients (P < 0.001), 
reflecting the more severe type of MI in the STEMI group. Plasma CRP levels as marker 
of generalized inflammation were higher in non-STEMI and STEMI patients compared to 
non-cardiac controls (each P < 0.05). On the other hand, plasma myeloperoxidase levels 
were only elevated in STEMI patients (P < 0.001 compared to both non-cardiac controls 
and non-STEMI patients). The use of statins was not different between MI patients and 
controls. However, a greater proportion of non-STEMI patients used beta blockers (P < 
0.05). Plasma levels of creatinine as a measure for kidney function were similar among 
the three groups. HDL composition is shown in Supplemental table 6.II. In the non-
cardiac control, non-STEMI, and STEMI group the concentration of apolipoprotein (apo)
A-I tended to decrease gradually. However, the most obvious was a change in the free 
cholesterol to  cholesteryl ester ratio in the HDL of STEMI patients.  

6.3.2 HDL function in patients with an acute myocardial infarction. 
As a first functional read-out, we assessed the potential of HDL to remove cholesterol 
from lipid-laden macrophage foam cells. The ability of HDL to mediate cholesterol efflux 
from macrophage foam cells was not different between non-STEMI patients and controls 
(35.3 ± 2.5% vs. 35.3 ± 3.0%, P = 1.00; Figure 6.1A). However, the HDL efflux capacity was 
significantly lower in STEMI patients (32.4 ± 2.4%) compared to both controls and the 
non-STEMI group (P < 0.001 for each; Figure 6.1A).
Next, we measured the anti-oxidative capacity of HDL. HDL from all three groups equally 
reduced oxidation of native LDL (P = 0.48; Figure 6.1B). HDL decreased accumulation 
of TBARS by 36 ± 11% in controls, by 39 ± 15% in non-STEMI, and by 39 ± 12% in STEMI 
patients relative to maximal LDL oxidation in the absence of HDL. 
Finally, the anti-inflammatory activity of HDL was determined. Pre-incubation of HUVECs 
with HDL from non-cardiac controls efficiently decreased TNF-α-induced VCAM-1 
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expression by 90% (values normalized to 1 in Figure 6.1C). Anti-inflammatory properties 
of HDL from non-STEMI patients did not differ significantly from controls, although mean 
VCAM-1 expression values remained 1.5-fold higher in endothelial cells pre-treated with 
HDL from these patients (1.00 ± 1.30 vs. 1.49 ± 1.83, P = 0.81; Figure 6.1C). Interestingly, 
following incubation with HDL from STEMI patients TNF-α-induced VCAM-1 expression 

-  155  -

Impaired HDL function in acute MI patients

Figure 6.1. Selected HDL functionalities are impaired in patients with an acute myocardial infarction. Efflux 
(A), anti-oxidative (B), and anti-inflammatory functionality (C) of HDL from controls (n = 33) and patients with 
acute myocardial infarction (non-STEMI, n = 41 and STEMI, n = 37). Horizontal lines represent means, symbols 
individual measurements. ** indicates P < 0.001. TBARS, thiobarbituric acid reactive substances; VCAM-1, 
vascular cell adhesion molecule-1.

Figure 6.2. Efflux and anti-inflammatory function of HDL are interrelated. Changes in the efflux functionality 
of HDL from controls (n = 33) and patients with acute myocardial infarction (non-STEMI, n = 41 and STEMI, n = 
37) relative to changes in the anti-inflammatory functionality of HDL. The fitted regression lines were calculated 
with linear regression analysis. The Pearson correlation coefficient is given. VCAM-1, vascular cell adhesion 
molecule-1. 



was 3.2-fold higher compared with controls (3.16 ± 2.04, P < 0.001) and more than doubled 
compared with non-STEMI patients (P = 0.001) indicating a significant impairment of the 
anti-inflammatory function of these HDL. The results of all HDL function tests did not 
differ between the non-cardiac control group and healthy controls not admitted to the 
emergency room (Supplemental figure 6.III). 

6.3.3 Association of HDL function with the extent of MI.
A relevant question is whether different HDL functions are interrelated. In univariate 
analysis the efflux potential of HDL significantly correlated with the anti-inflammatory 
capacity of HDL (r = -0.355, P < 0.001; Figure 6.2). However, there was no relation 
between the anti-oxidative capacity of HDL and the efflux potential of HDL (r = -0.041, P = 
0.674) on the one hand and the anti-oxidative capacity of HDL and the anti-inflammatory 
capacity of HDL on the other hand (r = 0.062, P = 0.554). Furthermore, a decreased efflux 
potential of HDL was significantly associated with higher maximum plasma levels of CK (r 
= -0.250, P = 0.020; Figure 6.3A) as well as CK-MB (r = -0.255, P = 0.017; Figure 6.3B), two 
biomarkers of the extent of MI.26 Even stronger univariate correlations were observed 
between the anti-inflammatory functionality of HDL and plasma levels of CK (r = 0.292, 
P = 0.011; Figure 6.3C) and CK-MB (r = 0.326, P = 0.004; Figure 6.3D). The relationship 
between the two HDL functionalities and plasma levels of CK remained significant after 
adjustment for age and sex, and subsequent adjustment for HDL cholesterol mass and for 
systolic blood pressure, LDL cholesterol, smoking, and diabetes (Table 6.2). Adjustment for 
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Figure 6.3. Altered HDL functionality in acute myocardial infarction patients is related to the extent of the 
myocardial infarction. Changes in the efflux and anti-inflammatory functionality of HDL from controls (n = 
33) and patients with acute myocardial infarction (non-STEMI, n = 41 and STEMI, n = 37) relative to changes 
in maximal plasma levels of creatine kinase (CK; A and C) and myocardium-specific CK (CK-MB; B and D). The 
fitted regression lines were calculated with linear regression analysis. Pearson correlation coefficients are given. 
VCAM-1, vascular cell adhesion molecule-1.



these risk factors also did not essentially affect the association between either the efflux 
or the anti-inflammatory capacity of HDL with plasma levels of CK-MB (Table 6.2). The 
relationship between the HDL efflux potential and the extent of MI was attenuated after 
further adjustment for the ESC risk score (Table 6.2). On the other hand, the association 
between the HDL anti-inflammatory capacity and the extent of MI was not affected by 
further adjustment for the ESC risk score (Table 6.2). No significant association was found 
between the anti-oxidative capacity of HDL and the extent of MI (r = -0.070, P = 0.517 for 
CK and r = -0.141, P = 0.190 for CK-MB, respectively). These data demonstrate that the 
degree of impairment of HDL function in MI patients is related to the extent of the MI. 

Table 6.2. Multivariate linear regression analyses of the functionality of HDL with plasma levels of CK, CK-MB, 
CRP, and myeloperoxidase in all subjects (n = 111).

HDL efflux potential HDL anti-inflammatory capacity
β P value β P value

Model A
   Maximal CK -0.247 0.023 0.375 <0.001
   Maximal CK-MB -0.253 0.018 0.383 <0.001
   Maximal CRP -0.089 0.444 -0.003 0.984
   Myeloperoxidase -0.326 0.003 0.417 <0.001
Model B
   Maximal CK -0.238 0.027 0.334 0.001
   Maximal CK-MB -0.236 0.028 0.332 0.001
   Maximal CRP -0.118 0.322 0.072 0.491
   Myeloperoxidase -0.339 0.002 0.463 <0.001
Model C
   Maximal CK -0.340 0.010 0.391 0.001
   Maximal CK-MB -0.332 0.010 0.388 0.001
   Maximal CRP -0.054 0.681 0.035 0.758
   Myeloperoxidase -0.307 0.013 0.503 <0.001
Model D
   Maximal CK -0.201 0.075 0.339 0.001
   Maximal CK-MB -0.214 0.057 0.338 0.001
   Maximal CRP -0.074 0.556 0.024 0.830
   Myeloperoxidase -0.321 0.005 0.472 <0.001

β: standardized regression coefficient. 
Model A: adjustment for age and sex; model B: model A + adjustment for HDL cholesterol; model C: model B + 
adjustment for Framingham risk score factors (systolic blood pressure, LDL cholesterol, smoking, presence of 
diabetes); model D: model B + adjustment for European Society of Cardiology risk score.
Abbreviations: CK, creatine kinase; CRP, C-reactive protein; MB, myocardial band. 

6.3.4 Association of HDL function with myeloperoxidase concentrations.
The interrelationship between the two altered HDL functionalities might suggest a 
common underlying mechanism for the generation of dysfunctional HDL in MI patients. 
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Therefore, we further investigated the associations between HDL functionality and 
potential impacting factors. Although systemic inflammation was shown to decrease 
cholesterol efflux and reverse cholesterol transport,22, 27 there was no association 
between maximal plasma CRP levels, reflecting systemic inflammatory load attributable 
to an acute phase response, and HDL functionality (r = -0.123, P = 0.289 for efflux, Figure 
6.4A and r = -0.004, P = 0.971 for anti-inflammation, Figure 6.4B). These results did not 
change after adjustment for age and sex, for HDL cholesterol mass, for Framingham risk 
score factors, and for the ESC risk score (Table 6.2). Myeloperoxidase modification of HDL 
particles has been shown to have an impact on HDL function in vitro and in vivo,22, 28-30 and 
myeloperoxidase levels are elevated in MI patients.31 Increased systemic myeloperoxidase 
was associated with greater myocardial injury (r = 0.527, P < 0.001 for maximal plasma 
levels of CK, Supplemental figure 6.IVA and r = 0.471, P < 0.001 for maximal plasma levels 
of CK-MB, Supplemental figure 6.IVB). Moreover, there was a trend for an association 
between the anti-oxidative capacity of HDL and plasma myeloperoxidase levels (r = 
0.211, P = 0.058). Interestingly, increased plasma myeloperoxidase levels were strongly 
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Figure 6.4. Impaired HDL functionality in acute myocardial infarction patients is not associated with systemic 
inflammation determined by plasma C-reactive protein levels. Changes in the efflux (A) and anti-inflammatory 
(B) functionality of HDL from controls (n = 33) and patients with acute myocardial infarction (non-STEMI, n = 41 
and STEMI, n = 37) relative to changes in maximal plasma levels of C-reactive protein (CRP). Pearson correlation 
coefficients are given. VCAM-1, vascular cell adhesion molecule-1.

Figure 6.5. Impaired HDL functionality in acute myocardial infarction patients is related to plasma 
myeloperoxidase levels. Changes in the efflux (A) and anti-inflammatory (B) functionality of HDL from controls 
(n = 33) and patients with acute myocardial infarction (non-STEMI, n = 41 and STEMI, n = 37) relative to changes 
in maximal plasma levels of myeloperoxidase. The fitted regression lines were calculated with linear regression 
analysis. Pearson correlation coefficients are given. VCAM-1, vascular cell adhesion molecule-1.



associated with decreased efflux (r = -0.330; P = 0.002; Figure 6.5A) as well as lower 
anti-inflammatory function of HDL (r = 0.452; P < 0.001; Figure 6.5B). Multiple linear 
regression analyses revealed that the association of changes in HDL functionality with 
changes in plasma levels of myeloperoxidase were independent of age and sex, of 
HDL cholesterol mass, of the established CVD risk factors systolic blood pressure, LDL 
cholesterol, smoking, and diabetes, and of the ESC risk score (Table 6.2). Therefore, 
myeloperoxidase conceivably represents a major contributing factor to rendering HDL 
dysfunctional in MI patients.

6.3.5 HDL function associates with the risk of MI.
To further support a relationship between HDL functionality and MI, parameters were 
divided into four quartiles and odds ratios for MI were calculated by comparing the 
reference highest risk quartile with the three lower risk quartiles combined. Analyzing 
established risk factors of MI revealed that a higher risk of MI was associated with increased 
age (OR: 5.62 [95% CI: 1.14-27.79], P = 0.034; Figure 6.6), smoking (OR: 4.04 [95% CI: 
1.09-14.00], P = 0.037; Figure 6.6), and increased plasma levels of myeloperoxidase (OR: 
5.65 [95% CI: 1.61-19.81], P = 0.007; Figure 6.6). Importantly, plasma HDL cholesterol 
mass levels were not discriminating patients from controls (OR: 2.89 [95% CI: 0.30-
27.95], P = 0.360; Figure 6.6). In contrast, a lower efflux potential as well as a decreased 
anti-inflammatory capacity of HDL were each associated with an increased risk of MI (OR: 
5.66 [95% CI: 1.26-25.50] for efflux, P = 0.024 and OR: 5.53 [95% CI: 1.83-16.73] for anti-
inflammation, P = 0.002; Figure 6.6). Similar conclusions were reached when comparing 
STEMI patients with non-cardiac controls or non-STEMI patients (Supplemental figure 
6.V). These combined data demonstrate that efflux potential and anti-inflammatory 
capacity of HDL each are significant predictors of MI.
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Figure 6.6. HDL functionality is a predictor of myocardial infarction. Odds ratios and their respective 95% 
confidence intervals (CIs) for myocardial infarction in the upper risk quartile compared to the three low-risk 
quartiles combined. Squares represent odds ratios and error bars indicate 95% confidence intervals. The 
dashed reference line denotes an odds ratio of 1.0. CRP, C-reactive protein; HDL, high-density lipoprotein; LDL, 
low-density lipoprotein. 



6.4 Discussion

The results of this study demonstrate that two important atheroprotective functionalities 
of HDL are significantly impaired in STEMI patients, namely cholesterol efflux from 
macrophage foam cells and the suppression of inflammation-induced adhesion molecule 
expression in endothelial cells. Notably, these changes in HDL function occurred 
independent of plasma HDL cholesterol levels lending strong support to the concept 
that HDL function can differ substantially despite similar HDL cholesterol mass levels. 
Furthermore, our data indicate that increased plasma myeloperoxidase levels are 
an important determinant of dysfunctional HDL in MI patients, suggesting a potential 
unifying mechanism for the generation of dysfunctional HDL in this patient group. 
Derived from the clinical observation that certain individual patients or specific 
subgroups of patients experience cardiovascular events despite high plasma levels of 
HDL cholesterol, HDL function represents an emerging concept. However, actual data 
generated to address this concept in a clinically relevant context of CVD are still scarce 
and to date only selected functional properties of HDL were assessed in these studies. To 
the best of our knowledge, we are the first to report results on changes in three different 
relevant functional properties of HDL in patients with an acute coronary syndrome. A 
recent publication in a larger number of subjects revealed that the cholesterol efflux 
capacity of HDL was associated with carotid intima-media thickness and coronary artery 
disease,14 although subjects with an acute coronary syndrome were excluded from this 
study. Another study demonstrated that HDL from acute coronary syndrome patients is 
defective in activating endothelial nitric oxide synthase to generate vascular nitric oxide, 
and these authors also showed that the ability of HDL to suppress TNF-α-induced VCAM-
1 expression in endothelial cells was impaired.32 However, in contrast to our study no 
differences in cholesterol efflux from murine J774 macrophages were observed for the 
HDL from acute coronary syndrome patients.32 Furthermore, using a different assay, it 
was reported previously that the anti-inflammatory properties of HDL are decreased in 
patients with established CVD compared with controls matched for age and sex but not 
plasma HDL cholesterol and triglyceride levels.33 On the other hand, an earlier report 
described an impaired anti-oxidative activity of HDL in the setting of an acute coronary 
syndrome,15 which is in contrast to the results of our present study. This discrepancy 
may be attributed to the different methodological approaches used in the two respective 
studies.15 While the assay used in the present study determines the capacity of HDL to 
prevent oxidation of native LDL with the relatively mild oxidant AAPH, the assay in the 
previous study measures specifically the capacity of HDL to inactivate previously oxidized 
phospholipids that are added to the assay in the form of LDL oxidized in vitro by CuSO4, 
a strong pro-oxidant.15

Regarding the mechanism of dysfunctional HDL in MI patients the MI event conceivably 
impacted HDL function, since biomarkers for the extent of MI such as CK and CK-MB 
correlated with the degree of HDL dysfunctionality. Acute MI results in a pro-inflammatory 
state, and acute inflammation has been shown to decrease at least the cholesterol 
efflux properties of HDL.22 Since plasma CRP levels did not correlate with the individual 
functional parameters of HDL, conceivably a generalized acute phase response did not 
cause the changes in HDL function observed in the present study. Another potential 
marker of inflammation in the setting of cardiovascular disease is lipoprotein-associated 
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phospholipase A2 (Lp-PLA2).
34 Lp-PLA2 has been shown to be related to the vulnerability of 

the plaque,34 however, this marker was not determined in the present study. Interestingly 
though, decreased cholesterol efflux properties and also reduced anti-inflammatory 
function of HDL were associated with increased plasma myeloperoxidase levels. Additional 
in vitro studies indicated that treatment of healthy control HDL with myeloperoxidase at 
similar levels as those found in STEMI patients significantly decreases the cholesterol efflux 
properties, however, without affecting the anti-oxidative or anti-inflammatory function 
of HDL in the respective assays (Supplemental figure 6.VI). Myeloperoxidase, an enzyme 
derived from activated neutrophils and macrophages, is increased in plasma early in the 
course of MI.31 Moreover, elevated levels of myeloperoxidase were strongly predictive for 
a future MI in patients with acute coronary syndrome 31, 35 and independently predicted 
an increased risk of mortality over 5 years after MI.36 In addition, myeloperoxidase was 
shown to physically bind to HDL via a specific stretch of amino acids on apoA-I,29 and 
further in vitro work demonstrated that myeloperoxidase-induced modification of HDL 
reduces its function as cholesterol efflux acceptor 29, 30 and renders the HDL particle pro-
inflammatory.28 Therefore, MI-specific induction of myeloperoxidase might conceivably 
represent a unifying mechanism underlying the reduced functionality of HDL in acute MI 
patients. Extrapolating these data also indicates that myeloperoxidase might represent 
a viable drug target to abolish or at least limit the occurrence of dysfunctional HDL in MI 
patients.
Overall, a limitation of the cross-sectional design of the present study is that it does not 
allow to draw a conclusion regarding a potential causal relation between dysfunctional 
HDL and the occurrence of MI. Future prospective studies are therefore encouraged to 
specifically address this question. Furthermore, dysfunctional HDL in the acute phase of an 
MI might also conceivably have consequences for cardiac remodeling and recovery after 
the event. Longitudinal research is therefore expected to provide valuable information 
on a potential role of HDL functionality in post-ischemic recovery.
In summary, an acute MI is associated with impaired HDL functionality independent 
of plasma HDL cholesterol levels. In addition, our study provides proof-of-concept for 
the presence of substantial differences in HDL function in clinically relevant settings of 
CVD. In perspective, assays to determine HDL functionality might have the potential 
to reveal important additional clinical information over mere HDL cholesterol mass 
measurements. Ultimately, large prospective studies would be required to definitively 
prove a causal relationship between several aspects of HDL dysfunction and the risk of 
future cardiovascular events.
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Supplemental information chapter 6

Supplemental table 6.I. Clinical characteristics of healthy controls and non-cardiac controls. 

Healthy controls

(n = 19)

Non-cardiac controls
(n = 33)

P value

Demographics
Age, years 47 ± 6 63 ± 12 <0.001
Male, n (%) 12 (63) 19 (58) 0.693
Current smoking, n (%) 0 (0) 5 (15) 0.074
Plasma lipids
Total cholesterol, mmol/L 4.6 ± 0.6 4.8 ± 1.3 0.399
LDL cholesterol, mmol/L 2.7 ± 0.8 2.7 ± 1.0 0.730
HDL cholesterol, mmol/L 1.3 ± 0.4 1.3 ± 0.3 0.641
Triglycerides, mmol/L 1.2 [0.9-1.4] 2.0 [1.2-2.7] 0.001
Markers of myocardial injury
Troponin T, ng/mL 0.00 [0.00-0.00] 0.00 [0.00-0.00] 0.514
CK, ng/mL 39 [26-55] 39 [27-53] 0.959

CK-MB, ng/mL 4 [3-5] 3 [2-5] 0.181
Inflammation
CRP, mg/L 2.0 [2.0-3.0] 2.0 [2.0-6.0] 0.553
Kidney function
Creatinine, μmol/L 78.5 ± 12.2 97.0 ± 21.7 0.002

Data are expressed as mean ± standard deviation, median [interquartile range], or total (percentage). Differences 
between the groups were tested with Student’s t-Test for normally distributed variables, Mann-Whitney U test 
for skewed distribution, and chi-square test for categorical variables. Abbreviations: CK, creatine kinase; CRP, 
C-reactive protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MB, myocardial band.

Supplemental table 6.II. HDL composition. 

Healthy controls
(n = 19)

Non-cardiac
(n = 33)

Non-STEMI
(n = 41)

STEMI
(n = 37)

P value

Apolipoprotein A-I, g/L ND 1.5 ± 0.3 1.4 ± 0.2 1.3 ± 0.3 0.064
Lipid composition
Total cholesterol, % 23.4 ± 1.1 21.2 ± 1.72 21.2 ± 2.22 21.0 ± 1.62 <0.001
Free cholesterol, % 5.3 ± 0.6 5.1 ± 2.5 5.2 ± 0.9 7.3 ± 1.52,4,6 <0.001
Cholesteryl esters, % 18.2 ± 0.9 16.1 ± 2.01 15.9 ± 2.02 13.7 ± 2.02,4,6 <0.001
Triglycerides, % 4.4 ± 1.1 7.9 ± 2.51 7.0 ± 3.41 7.0 ± 3.21 0.002
Phospholipids, % 48.7 ± 1.9 49.7 ± 2.5 50.6 ± 2.71 50.9 ± 2.41 0.010

Data are expressed as mean ± standard deviation. ND, not determined. Apolipoprotein A-I was assayed by 
immunoturbidimetry (Roche/Cobas Integra Tina-quant, Roche Diagnostics, Basel, Switzerland). Total cholesterol, 
free cholesterol, triglycerides, and phospholipids were measured enzymatically using commercially available 
reagents (Roche Diagnostics and Wako Pure Chemical Industries, Neuss, Germany). 1 P < 0.05 compared with 
healthy controls; 2 P < 0.001 compared with healthy controls; 3 P < 0.05 compared with non-cardiac; 4 P < 0.001 
compared with non-cardiac; 5 P < 0.05 compared with non-STEMI; 6 P < 0.001 compared with non-STEMI.
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Supplemental figure 6.I. The major part of the biological activity of apolipoprotein B-depleted plasma is 
due to the presence of HDL. Efflux (A), anti-oxidative (B), and anti-inflammatory functionality (C) of apoB-
depleted plasma (baseline) compared to the lipoprotein free fraction. To confirm that the main part of the 
biological activity of apolipoprotein B (apoB)-depleted plasma was due to the presence of HDL, plasma was 
depleted from apoB-containing lipoproteins using PEG precipitation as described in Materials and Methods. 
Subsequently, HDL was removed from the apoB-depleted plasma using ultracentrifugation (d = 1.25 g/ml) to 
obtain a lipoprotein free fraction. For the individual assays the concentrations of HDL cholesterol used were as 
described in Materials and Methods, and for the lipoprotein free fraction equal volumes were used. The major 
part of the biological activity of apoB-depleted plasma in the three HDL functionality tests was abolished after 
removal of the HDL fraction. TBARS, thiobarbituric acid reactive substances; VCAM-1, vascular cell adhesion 
molecule-1.    

Supplemental figure 6.II. Concentration-response curves for the three HDL functionality assays. The efflux 
(A), anti-oxidative (B), and anti-inflammatory HDL functionality assays (C) were performed using increasing 
concentrations of HDL cholesterol. Plasma was depleted from apolipoprotein (apo)B-containing lipoproteins 
using PEG precipitation as described in Materials and Methods, concentrations of HDL cholesterol used in the 
individual assays were determined after PEG precipitation, and assays were carried out essentially as detailed 
in Materials and Methods. TBARS, thiobarbituric acid reactive substances; VCAM-1, vascular cell adhesion 
molecule-1.      
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Supplemental figure 6.III. HDL functionality is not different between healthy controls and the non-cardiac 
control group. Efflux (A), anti-oxidative (B), and anti-inflammatory functionality (C) of HDL from healthy 
controls (n = 19) and non-cardiac controls (n = 33), each determined as detailed in Materials and Methods. 
TBARS, thiobarbituric acid reactive substances; VCAM-1, vascular cell adhesion molecule-1.

Supplemental figure 6.IV. The extent of myocardial infarction is related to plasma myeloperoxidase levels. 
Changes in the maximal plasma levels of creatine kinase (CK) (A) and myocardium-specific CK (CK-MB) (B) from 
controls (n = 33) and patients with acute myocardial infarction (non-STEMI, n = 41 and STEMI, n = 37) relative to 
changes in maximal plasma levels of myeloperoxidase. Pearson correlation coefficients are given.



-  168  -

Chapter 6

Supplemental figure 6.V. HDL functionality is a predictor of ST-elevation myocardial infarction. (A) Odds ratios 
and their respective 95% confidence intervals (CIs) for non-STEMI in the upper risk quartile compared to the 
three low-risk quartiles combined compared with controls. (B) Odds ratios and their respective 95% CIs for 
STEMI in the upper risk quartile compared to the three low-risk quartiles combined compared with controls. 
(C) Odds ratios and their respective 95% CIs for STEMI in the upper risk quartile compared to the three low-
risk quartiles combined compared with non-STEMI. Squares represent odds ratios and error bars indicate 95% 
confidence intervals. The dashed reference line denotes an odds ratio of 1.0. CRP, C-reactive protein; HDL, high-
density lipoprotein; LDL, low-density lipoprotein. 
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Supplemental figure 6.VI. Cholesterol efflux potential is impaired by modification of HDL by myeloperoxidase. 
Efflux (A), anti-oxidative (B), and anti-inflammatory functionality (C) of control HDL (n=8) and myeloperoxidase 
(MPO)-modified HDL (n = 8). Plasma was depleted from apoB-containing lipoproteins as described in Materials 
and Methods. Myeloperoxidase modifications were initiated by adding 100 mM NaCl and 0.5 U/ml human 
myeloperoxidase (Sigma) to the apoB-depleted plasma. Subsequently, hydrogen peroxide was added in 4 
aliquots at 15-minutes intervals at 37°C until a final concentration of 100 μM, and the incubation was continued 
for a total of 90 minutes. Efflux potential, anti-oxidative capacity, and anti-inflammatory capacity of HDL were 
each determined as detailed in Materials and Methods. ** indicates P < 0.01. TBARS, thiobarbituric acid 
reactive substances; VCAM-1, vascular cell adhesion molecule-1.
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Abstract

Background. High-density lipoproteins (HDLs) have been implicated in glucose 
homeostasis. Among subjects with normal fasting glucose (NFG), impaired fasting glucose 
(IFG) and type 2 diabetes mellitus (T2DM) we tested whether pancreatic β-cell function 
relates to HDL functionality, as determined by HDL anti-oxidative capacity and cellular 
cholesterol efflux to plasma. 
Methods and Results. HDL anti-oxidative capacity (inhibition of LDL oxidation in vitro), 
cellular cholesterol efflux (the ability of plasma to stimulate cholesterol efflux out of 
cultured fibroblasts obtained from a single human donor), glucose and insulin were 
determined in fasting plasma samples from 37 subjects with NFG, 36 with IFG, and 22 with 
T2DM (no glucose-lowering drug or insulin treatment; HbA1c 6.0 ± 1.0%). Homeostasis 
model assessment was used to estimate pancreatic β-cell function (HOMA-β) and insulin 
resistance (HOMAir). HOMA-β was lowest, whereas HOMAir was highest in T2DM (P < 
0.01 and P < 0.001 vs. NFG). HDL anti-oxidative capacity and cellular cholesterol efflux 
did not differ significantly according to glucose tolerance category. In univariate analysis 
and after controlling for HOMAir both HDL anti-oxidative capacity (P < 0.05) and cellular 
cholesterol efflux (P < 0.01) were positively correlated with HOMA-β in T2DM, but not 
in NFG and IFG. In age-, sex- and HOMAir-adjusted analyses, T2DM status interacted 
positively with HDL anti-oxidative capacity (P = 0.001) and cellular cholesterol efflux (P 
= 0.042) on HOMA-β. HbA1c interacted similarly with HDL functionality measures on 
HOMA-β. 
Conclusion. Pancreatic β-cell function relates to pathophysiologically relevant measures 
of HDL function in T2DM, but not in NFG and IFG. Better HDL functionality may contribute 
to maintenance of β-cell function in subjects with well-controlled T2DM.
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7.1 Introduction

A low level of high-density lipoprotein (HDL) cholesterol represents a well-established 
determinant of cardiovascular risk.1 The cardiovascular protection attributed to HDL is 
at least in part conveyed by the anti-oxidative and anti-inflammatory properties of this 
lipoprotein fraction.2 In addition, HDL is able to remove excess cholesterol from peripheral 
cells, thereby beneficially stimulating the transport of cholesterol from vascular tissues to 
the liver for metabolism and subsequent biliary excretion.3

More recently, HDL has also been proposed to play a pathogenetic role in glucose 
homeostasis.4, 5 In analogy with the impact of impaired HDL functionality on increased 
atherosclerosis susceptibility,2, 3 it has been hypothesized that abnormalities in HDL’s 
functional properties may result in diminished protection of pancreatic β-cells against 
oxidative stress, apoptosis, islet inflammation, and cholesterol accumulation.4 In this vein, 
in vitro studies have demonstrated that HDL protects pancreatic β-cells against apoptosis 
and may restore oxidized low density lipoprotein (LDL)-induced impairment of insulin 
processing.6, 7 In addition, free apolipoprotein (apo) A-I, reconstituted HDL particles, 
as well as native HDL are able to stimulate insulin secretion by β-cells.8 Moreover, the 
insulin secretion pathway is impaired in distinct knock-out models of either the ATP-
binding transporter cassette A1 (ABCA1) 9, 10 or ABCG1,11 transporters that play a critical 
role in the removal of cholesterol from cells to the extracellular space.12 In line, humans 
with heterozygous ABCA1 deficiency show a reduced insulin response to intravenous 
glucose.13 Of further interest, short-term administration of reconstituted HDL increases 
plasma insulin and lowers glucose in subjects with type 2 diabetes mellitus (T2DM).14

In keeping with the notion that HDL may exert beneficial effects on glucose homeostasis, 
several epidemiological studies have shown that lower levels of HDL cholesterol confer a 
higher incidence of T2DM independently of alterations in apoB-containing lipoproteins 
and obesity.15, 16 Remarkably little is currently known about the relationship of pancreatic 
β-cell function with HDL functionality in humans.
The present study was initiated to test whether pancreatic β-cell function relates 
to HDL functional properties in T2DM, and whether such a relationship is different in 
T2DM subjects compared to subjects with normal fasting glucose (NFG) and impaired 
fasting glucose (IFG). For this purpose, we used two distinct read-outs for HDL function, 
represented by the capacity to inhibit LDL oxidation in vitro 17, 18 and the ability of plasma 
to stimulate cholesterol efflux out of cultured fibroblasts obtained from a single human 
donor.19

7.2 Materials and Methods

7.2.1 Subjects
The medical ethics committee of the University Medical Center Groningen approved 
the study protocol. The study was carried out in a University Hospital setting. Study 
participants with and without T2DM were aged > 18 years, and were recruited by 
advertisement in local newspapers. Written informed consent was obtained from all 
participants. T2DM had been previously diagnosed by primary care physicians using 
World Health Organization (WHO) criteria.20 T2DM patients using insulin or oral glucose-
lowering drugs were excluded to obviate effects on β-cell function and insulin sensitivity 
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estimates.21 They were treated with diet and received lifestyle advice only. The use of 
antihypertensive medication was allowed. In non-diabetic subjects, glucose tolerance 
status was classified as NFG (plasma glucose < 6.1 mmol/l) or IFG (plasma glucose ≥ 6.1 
and ≤ 6.9 mmol/l), using WHO cut-off criteria.20 Subjects who used lipid-lowering drugs 
were excluded in order to minimize possible confounding on HDL variables. Current 
smokers, subjects with a history of cardiovascular disease, chronic kidney disease, liver 
function abnormalities or thyroid dysfunction were also excluded. Maximal alcohol intake 
was 3 beverages per day.
To replicate relationships of HDL cholesterol and apoA-I with β-cell function and insulin 
sensitivity, correlation analyses were also carried out in another group of non-diabetic 
men (213 subjects with NFG and 12 subjects with IFG), representing a sub-cohort from 
the Prevention of Renal and Vascular End-stage Disease (PREVEND) population (www.
PREVEND.org).
Homeostasis model assessment was used to estimate β-cell function (HOMA-β) and 
insulin sensitivity (HOMAir).22 HOMA-β was calculated using the equation: 20 × fasting 
insulin (mU/l)/[fasting glucose (mmol/l) − 3.5]. HOMA-β represents the relative β-cell 
function of an individual and is expressed as a percentage.22 HOMAir was calculated with 
the equation: fasting plasma insulin (mU/l) × fasting plasma glucose (mmol/l)/22.5.
All participants were evaluated after an overnight fast. Body mass index (BMI) was 
calculated as weight (kg) divided by height (m) squared. Blood pressure was measured 
after 15 min rest at the left arm in sitting position using a sphygmomanometer.

7.2.2 Laboratory methods
Venous blood samples were collected into ethylene diamine tetraacetic acid (EDTA)-
containing tubes (1.5 mg/ml). Plasma samples were stored at −80˚C until analysis. Plasma 
glucose and glycated hemoglobin (HbA1c) were measured shortly after blood collection.
Plasma cholesterol and triglycerides were assayed by enzymatic methods (Roche/Hitachi 
cat. no. 11876023 and 11875540 respectively, Roche Diagnostics GmbH, Mannheim, 
Germany). HDL cholesterol was measured using a homogeneous enzymatic colorimetric 
test (Roche/Hitachi cat. no. 03030024). ApoA-I was determined by immunoturbidimetry 
(Roche/Cobas Integra Tina-quant cat. no. 03032566, Roche Diagnostics).
HDL anti-oxidative capacity was determined as described.17, 18 To this end apoB-
containing lipoproteins were precipitated by adding 75 μl polyethylene glycol-6000 in 10 
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 8.0 to 150 μl of 
plasma followed by mixing and an incubation on ice for 30 min. Subsequently, samples 
were centrifuged at 2000 × g at 4°C for 30 min. Supernatants were transferred to clean 
tubes and the HDL cholesterol concentration was determined using a commercially 
available kit (Roche Diagnostics GmbH, Mannheim, Germany). Native LDL was isolated 
from a normolipidemic donor by density gradient ultracentrifugation (1.019 < d < 1.063 
g/l). All samples were processed and assayed on the same day using identical reagents. 
Individual HDL preparations (0.26 mmol/l cholesterol), isolated as detailed above, were 
added to aliquots of native LDL (1.95 mmol/cholesterol) followed by the addition of 
2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH, Cayman Chemicals, Ann 
Arbor, MI, USA) in a final concentration of 1 mM in a total volume of 110 μl. Samples 
were then incubated for 24 h at 37°C to induce LDL oxidation. Thiobarbituric acid reactive 
substances (TBARS) were determined as a measure for the degree of LDL oxidation.23 To 
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this end 200 μl 10% trichloroacetic acid was added to 100 μl sample and incubated on ice 
for 15 min. Subsequently, the mixtures were centrifuged at 2200 × g at 4°C for 15 min. 
Thereafter, 200 μl of the supernatant was transferred to new reaction tubes and 200 μl 
0.67% thiobarbituric acid was added to each sample. These mixtures were incubated in 
a boiling waterbath for 10 min and chilled on ice. Finally, fluorescence was measured 
and the amounts of TBARS in the samples were calculated using a standard curve. Native 
LDL before incubation contained no measurable amounts of TBARS and TBARS present 
in individual HDL samples were also negligible compared with the increase caused by 
AAPH addition. Therefore, TBARS formation in native LDL samples subjected to the same 
procedures but without the addition of AAPH was used as blanks. The HDL anti-oxidative 
capacity was calculated as the difference between the maximal amount of TBARS formed 
in a reaction to which no HDL had been added, and the percent reduction that was 
obtained with an individual HDL sample. Thus, higher values indicate better protection 
against oxidation. The inter-assay coefficient of variation amounts to 5.1%.
Cholesterol efflux to whole plasma was assayed using human fibroblasts as cholesterol 
donor as described.19 Fibroblasts were obtained from a normolipidemic non-diabetic 
subject by explant culture from a 3 mm punch biopsy at a 1 mm skin thickness and were 
cultured (until passage 5–15) in 24 wells culture plates to full confluence. The cells were 
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal 
calf serum (FCS). After washing with DMEM, the cells were loaded with [3H]-cholesterol 
(0.5 μCi m/l) during 24 h in the presence of added unlabelled cholesterol (30 μg/ml) in 
order to induce ABCA1 in the fibroblasts.19 [3H]-cholesterol and unlabelled cholesterol 
were solubilized in ethanol and diluted into the efflux medium. After cholesterol loading, 
the cells were washed 3 times with phosphate buffered saline (PBS)/bovine serum 
albumin (BSA) 0.2% (w/v). The efflux assay was started by adding the plasma diluted 
to 1% in efflux medium. 1.25 U/ml heparin was added to prevent clotting. The addition 
of heparin does not influence cholesterol efflux rates.19 After 4 h incubation at 37°C 
the medium was collected and centrifuged. Thereafter, [3H]-cholesterol was quantified 
by liquid scintillation counting. Total cellular [3H]-cholesterol was determined after 
extraction of the cells with 2-propanol. The percentage efflux was calculated by dividing 
the radioactive counts in the efflux medium by the sum of the counts in the medium and 
the cell extract. The samples were analyzed in duplicate and values were corrected for 
radioactivity appearing in the culture medium in the absence of plasma. To be able to 
normalize results between series of experiments and to correct for day-to-day variation, 
efflux to a human plasma pool was determined in quadruplicate. Since this assay system 
estimates outward flux of labelled cholesterol from the fibroblasts, the influence of back 
flux of cholesterol from plasma into the cells was evaluated using double isotope labeling 
experiments.19 These experiments indicated that under the present assay conditions 
transport of cholesterol was almost exclusively from cells to the medium.19 The inter-
assay coefficient of variation is 6%.
Plasma glucose was measured with a glucose analyzer (APEC Inc., Danvers, MA, USA). 
Plasma insulin was measured with a microparticle enzyme immunoassay (AxSYM 
insulin assay; Abbott Laboratories, Abbott Park IL, USA). HbA1c was measured by high 
performance liquid chromatography (Bio-Rad, Veenendaal, The Netherlands; normal 
range 4.6–6.1%).
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7.2.3 Statistical analysis
SPSS 18 was used for data analysis. Results are expressed in mean ± SD or in median 
(interquartile range). Because of skewed distribution logarithmically transformed values 
of HOMA-β and HOMAir were used. Differences in continuous variables according 
to glucose tolerance status category were assessed by one-way analysis of variance 
(ANOVA) with subsequent Bonferroni correction for multiple comparisons. Differences 
in proportions between the glucose tolerance groups were assessed by χ2-analysis. 
Univariate correlation coefficients were calculated using linear regression analysis. 
In view of the (mathematical) interdependence of HOMA-β and HOMAir,21, 22 partial 
correlations of HOMA-β with HDL cholesterol, apoA-I and HDL functionality measures 
were calculated after controlling for HOMAir. Multiple linear regression analyses were 
carried out to determine the independent contributions of HDL functionality measures to 
HOMA-β (HOMA-β being the dependent variable). All multiple linear regression analyses 
were adjusted for age, sex, and HOMAir. Interaction terms were calculated as the product 
terms between glucose tolerance categories (using dummy variables with NFG as the 
reference category), and in alternative analyses between the HbA1c level and the HDL 
functionality measure of interest (anti-oxidative capacity and cellular cholesterol efflux). 
In these models, glucose tolerance categories, or alternatively the HbA1c level, and the 
HDL functionality measure of interest were included together with the interaction terms. 
For continuous variables (HDL functionality measures and HbA1c) distributions centered 
to the mean were made by subtracting the individual value of the variable of interest from 
their respective group mean values to account for possible outliers. Interaction terms 
were considered to be statistically significant at two-sided P values < 0.10.24 Otherwise, 
the level of significance was set at two-sided P values < 0.05.

7.3 Results

Thirty-seven subjects with NFG, 36 subjects with IFG, and 22 subjects with T2DM 
participated in the study (Table 1). Twenty-nine of the 49 women participating in the 
study were post-menopausal. Estrogens were used in 2 pre- and in 2 post-menopausal 
women (NFG, n = 2; IFG, n = 1; T2DM, n = 1). Among T2DM subjects diabetes duration 
was 4 (interquartile range 2.6–5.1) years. Antihypertensive drugs were used in 5 T2DM 
subjects (angiotensin converting enzyme inhibitors, n = 2; beta-blockers, n = 2; diuretics, 
n = 1). Other medications were not used.
As shown in Table 7.1 NFG subjects were younger compared to the other groups. Sex 
distribution, BMI, systolic and diastolic blood pressure, and plasma insulin levels were 
not significantly different between the glucose tolerance groups. HOMA-β was higher 
in NFG subjects compared to IFG subjects and T2DM subjects, whereas HOMAir was 
decreased in T2DM subjects compared to NFG and IFG subjects (Table 7.1). In addition, 
the HOMA-β/HOMAir ratio was found to be lower in IFG vs. NFG subjects (P < 0.001) and 
in T2DM vs. IFG subjects (P < 0.001). HbA1c was higher in T2DM compared to the other 
groups. Plasma total cholesterol, triglycerides, HDL cholesterol, and apoA-I levels were 
not different between the groups. HDL anti-oxidative capacity and cellular cholesterol 
efflux were also not significantly different between the groups (Table 7.1).
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Table 7.1. Clinical characteristics, β-cell function (HOMA-β), insulin sensitivity (HOMAir), plasma lipids, 
apolipoprotein A-I, HDL anti-oxidative capacity, and cellular cholesterol efflux to plasma according to glucose 
tolerance (normal fasting glucose, n = 37; impaired fasting glucose, n = 36; type 2 diabetes mellitus, n = 22). 

Normal fasting 
glucose 

(n = 37)

Impaired fasting 
glucose 

(n = 36)

Type 2 diabetes 
mellitus 

(n = 22)

P value

Age (years) 52 ± 9a,d 57 ± 10 61 ± 9 <0.001
Sex (men/women) 13/24 21/15 12/10   0.20
BMI (kg m2) 25.9 ± 4.3 25.5 ± 3.2 26.8 ± 4.9   0.50
Systolic blood pressure 
(mm Hg)

129 ± 20 132 ± 20 139 ± 18   0.16

Diastolic blood pressure 
(mm Hg)

83 ± 13 81 ± 9 81 ± 6   0.67

Plasma glucose (mmol/l) 5.1 ± 0.4c,e 6.1 ± 0.3c 8.0 ± 1.9 <0.001
Insulin (mU/l) 5.9 (4.5-8.6) 7.1 (4.7-8.6) 8.7 (5.4-13.3)   0.16
HOMA-β (%) 106.4 

(48.9-122.8)b,d

51.8 
(37.4-72.4)

36.7 
(24.7-72.3)

<0.001

HOMAir 
((mU mmol/l2) /22.5)

1.41 (1.00-2.01)c 1.89 (1.25-2.55)b 2.82 (1.91-3.92) <0.001

HOMA-β/HOMAir 55.17 
(43.86-60.00)c,f

28.37 
(24.56-33.73)c

13.42 
(9.23-25.85)

<0.001

HbA1c (%) 5.3 ± 0.4c 5.3 ± 0.5c 6.0 ± 1.0 <0.001
Total cholesterol (mmol/l) 5.66 ± 1.02 5.71 ± 0.87 5.38 ± 1.28   0.48

Triglycerides (mmol/l) 1.16 (0.82-1.82) 1.34 (0.97-1.96) 1.60 (0.90-2.20)   0.62
HDL cholesterol (mmol/l) 1.49 ± 0.39 1.50 ± 0.42 1.48 ± 0.45   0.98
Apolipoprotein A-I (g/l) 1.40 ± 0.21 1.45 ± 0.23 1.45 ± 0.23   0.51
HDL anti-oxidative 
capacity (%)

62.4 ± 11.7 66.9 ± 10.4 62.4 ± 10.1   0.15

Cellular cholesterol efflux 
to plasma (% per 4h)

8.4 ± 1.1 8.7 ± 0.9 8.5 ± 1.0   0.56

Data in mean ± SD or median (interquartile range). BMI, body mass index; HDL, high-density lipoproteins.
a P < 0.05 vs. subjects with type 2 diabetes mellitus; b P < 0.01 vs. subjects with type 2 diabetes mellitus; c P < 
0.001 vs. subjects with type 2 diabetes mellitus; d P < 0.05 vs. subjects with impaired fasting glucose; e P < 0.01 
vs. subjects with impaired fasting glucose; f P < 0.001 vs. subjects with impaired fasting glucose.

In univariate analysis HDL cholesterol and plasma apoA-I levels were correlated inversely 
with fasting plasma insulin, HOMA-β and HOMAir in NFG and IFG subjects, but not 
significantly so in T2DM subjects (Table 7.2). In the combined subjects, inverse univariate 
relationships of HDL cholesterol and apoA-I with HOMA-β and with HOMAir were also 
present. HDL anti-oxidative capacity and cellular cholesterol efflux to plasma were not 
significantly correlated with plasma insulin, HOMA-β, and HOMAir in NFG and IFG subjects. 
In contrast, HOMA-β was correlated positively with HDL anti-oxidative capacity and with 
cellular cholesterol efflux to plasma in T2DM subjects (Table 7.2). In T2DM subjects, 
HDL anti-oxidative capacity was also correlated inversely with plasma glucose, whereas 
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cellular cholesterol efflux was correlated positively with plasma insulin and HOMAir. 
HOMA-β and HOMAir were unrelated to diabetes duration (P > 0.10, data not shown). 
Furthermore, the relationships of HDL anti-oxidative capacity and of cellular cholesterol 
efflux to plasma with HDL cholesterol and with apoA-I did not reach significance in the 3 
groups (P  > 0.05, data not shown).

Table 7.2.  Univariate correlations of plasma glucose, insulin, β-cell function (HOMA-β), and insulin sensitivity 
(HOMAir) with HDL cholesterol, plasma apolipoprotein A-I, HDL anti-oxidative capacity, and cellular cholesterol 
efflux to plasma in subjects with normal fasting glucose, impaired fasting glucose, and type 2 diabetes mellitus. 

Plasma 
glucose

Plasma 
insulin

HOMA-β HOMAir

Normal fasting glucose (n = 37)
  HDL cholesterol  0.053     -0.600***     -0.583***     -0.639***

  Apolipoprotein A-I  0.002     -0.528***    -0.486**     -0.575***

  HDL anti-oxidative capacity  0.128  0.272  0.144  0.257
  Cellular cholesterol efflux  0.027  0.121  0.158  0.198
Impaired fasting glucose (n = 36)
  HDL cholesterol -0.079  -0.418*    -0.509**     -0.528***

  Apolipoprotein A-I -0.045  -0.334*    -0.425**    -0.431**

  HDL anti-oxidative capacity  0.034 -0.176 -0.181 -0.167
  Cellular cholesterol efflux  0.027  0.121  0.158  0.198
Type 2 diabetes mellitus (n = 22)
  HDL cholesterol -0.194 -0.258 -0.169 -0.396

  Apolipoprotein A-I -0.301 -0.018  0.086 -0.169
  HDL anti-oxidative capacity    -0.576**  0.184   0.425* -0.060
  Cellular cholesterol efflux -0.332     0.589**      0.657***    0.464*

Combined subjects (n = 95)
  HDL cholesterol -0.070     -0.440***      -0.405***     -0.486***

  Apolipoprotein A-I -0.024    -0.308**      -0.326***     -0.336***

  HDL anti-oxidative capacity -0.144  0.093  0.091  0.052
  Cellular cholesterol efflux -0.071  0.184  0.181  0.174

Pearson correlation coefficients are shown. HOMA-β and HOMAir values are logarithmically transformed.
* P < 0.05; ** P ≤ 0.01; *** P ≤ 0.001.

Strong univariate correlations were observed between HOMA-β and HOMAir (NFG, r = 
0.880, P < 0.001; IFG, r = 0.932, P < 0.001; T2DM, r = 0.496, P = 0.019; combined subjects 
r = 0.507, P < 0.001). In order to take account of the (mathematical) interdependence 
between HOMA-β and HOMAir, the relationships of HOMA-β with HDL cholesterol, 
apoA-I, HDL anti-oxidative capacity, and cellular cholesterol efflux to plasma were also 
determined after adjustment for HOMAir. In these analyses the positive relationships 
of HOMA-β with HDL anti-oxidative capacity and cellular cholesterol efflux in T2DM 
subjects remained significant after controlling for HOMAir (partial correlation coefficients 
are given in Table 7.3). In NFG and IFG subjects, the relationships of HOMA-β with HDL 
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cholesterol and apoA-I were not significant when HOMAir was taken into account (Table 
7.3).

Table 7.3. Partial correlation coefficients of β-cell function (HOMA-β) with HDL cholesterol, plasma 
apolipoprotein A-I (apoA-I), HDL anti-oxidative capacity, and cellular cholesterol efflux after controlling for 
insulin sensitivity (HOMAir) in subjects with normal fasting glucose, impaired fasting glucose, and type 2 
diabetes mellitus.  

HDL 
cholesterol

ApoA-I HDL anti-
oxidative 
capacity

Cellular 
cholesterol 

efflux
Normal fasting glucose (n = 37)
  HOMA-β -0.056  0.051 -0.177 -0.035
Impaired fasting glucose (n = 36)
  HOMA-β -0.057 -0.071 -0.069  0.116
Type 2 diabetes mellitus (n = 22)
  HOMA-β  0.034  0.198   0.525*     0.554**

HOMA-β and HOMAir values are logarithmically transformed. 
* P < 0.05; ** P ≤ 0.01.

Table 7.4. Multiple linear regression analyses demonstrating interactions between glucose tolerance category 
(normal fasting glucose, NFG; n = 37, impaired fasting glucose, IFG; n = 36 and type 2 diabetes mellitus, T2DM; 
n = 22) and HDL anti-oxidative capacity (model A) or cellular cholesterol efflux to plasma (model B) on β-cell 
function (HOMA-β).

Model A Model B

β P value β P value
Age -0.072   0.25 -0.061   0.35
Sex (men vs. women) -0.011   0.86 -0.001   0.99
HOMAir  0.827 <0.001  0.773 <0.001
Glucose tolerance category
  IFG vs. NFG -0.418 <0.001 -0.416 <0.001
  T2DM vs. NFG -0.726 <0.001 -0.744 <0.001
HDL anti-oxidative capacity -0.051   0.56
Interactions
  IFG x HDL anti-oxidative capacity  0.038   0.63
  T2DM x HDL anti-oxidative capacity  0.251 <0.001
Cellular cholesterol efflux  0.014   0.87
Interactions
IFG x cellular cholesterol efflux  0.003   0.97
T2DM x cellular cholesterol efflux  0.149   0.042

β: standardized regression coefficient. Interactions were calculated as the product term between IFG, T2DM, 
and HDL anti-oxidative capacity (model A), and between IFG, T2DM, and cellular cholesterol efflux to plasma 
(model B) using NFG as the reference category. HOMA-β and HOMAir were logarithmically transformed.
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The replication group was comprised of 225 non-diabetic men (mean age 53 ± 12 years; 
BMI 26.6 ± 3.6 kg/m2; plasma glucose 4.9 ± 0.6 mmol/l; insulin 8.3 (6.1–12.7) mU/l; 
HOMA-β 129 (87.3–203.8)%; HOMAir (2.30 (1.24–2.87) mU mol/l2); total cholesterol 
5.92 ± 1.13 mmol/l; HDL cholesterol 1.13 ± 0.35 mmol/l; apoA-I 1.29 ± 0.25 g/l). In these 
subjects, HDL cholesterol was correlated inversely with insulin (r = −0.201, P < 0.01), 
HOMA-β (r = −0.182, P < 0.05) and HOMAir (r = −0.239, P < 0.001), but not with plasma 
glucose (r = −0.091, P = 0.17). Essentially similar relationships were found with apoA-I 
(data not shown). In partial correlation analyses, the correlations of HOMA-β with HDL 
cholesterol and with apoA-I were not significant after controlling for HOMAir (r = −0.066, 
P = 0.34 and r = −0.035, P = 0.61).

Table 7.5. Multiple linear regression analyses demonstrating interactions between HbA1c and HDL anti-
oxidative capacity (model A) and cellular cholesterol efflux to plasma (model B) on β-cell function (HOMA-β) 
in 95 subjects.

Model A Model B

β P value β P value
Age -0.242   0.008 -0.222   0.014
Sex (men vs. women) -0.071   0.43 -0.035   0.69
HOMAir  0.585 <0.001  0.531 <0.001
HbA1c -0.114   0.23 -0.203   0.023
HDL anti-oxidative capacity  0.058   0.50
Cellular cholesterol efflux  0.087   0.30
Interaction
  HbA1c x HDL anti-oxidative capacity  0.222   0.015
Interaction
  HbA1c x cellular cholesterol efflux  0.207   0.017

β: standardized regression coefficient. Interactions were calculated as the product terms between HbA1c and 
HDL anti-oxidative capacity (model A) and between HbA1c and cellular cholesterol efflux (model B). HOMA-β 
and HOMAir were logarithmically transformed.

Multiple linear regression analysis was carried out to discern whether the relationships 
of HOMA-β with HDL anti-oxidative capacity and cellular cholesterol efflux were different 
in T2DM subjects compared to NFG and IFG subjects. As demonstrated in Table 7.4, a 
positive interaction between glucose tolerance category and HDL anti-oxidative capacity 
on HOMA-β was observed after adjustment for age, sex, and HOMAir (model A; P < 
0.001 for interaction term between T2DM and HDL anti-oxidative capacity with NFG 
as reference group). Likewise, there was also a positive interaction between glucose 
tolerance category and cellular cholesterol efflux on HOMA-β (model B; P = 0.042 for 
interaction term between T2DM and cellular cholesterol efflux to plasma with NFG 
as reference group). These interactions remained essentially similar after additional 
adjustment for either HDL cholesterol or apoA-I (model A: T2DM–HDL anti-oxidative 
capacity interaction: β = 0.249, P < 0.001 and β = 0.256, P < 0.001, respectively; model B: 
T2DM–cellular cholesterol efflux interaction: β = 0.153, P = 0.040 and β = 0.154, P = 0.039, 
respectively), and were not confounded by the use of anti-hypertensive drugs (model A: 
β = 0.252, P < 0.001; model B: β = 0.147, P = 0.046). Additionally, a positive interaction 
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between HbA1c (as continuous variable) and HDL anti-oxidative capacity on HOMA-β was 
observed (Table 7.5 model A, P = 0.015). There was also a positive interaction between 
HbA1c and cellular cholesterol efflux on HOMA-β (Table 7.5 model B, P = 0.017). These 
analyses thus demonstrated that the relationships of HOMA-β with HDL anti-oxidative 
capacity and with cellular cholesterol efflux to plasma were different in T2DM subjects 
compared to NFG subjects, and varied according to the degree of metabolic control, 
taking account of insulin sensitivity.

7.4 Discussion

To our knowledge this study demonstrates for the first time that in well-controlled T2DM 
subjects pancreatic β-cell function is related positively to pathophysiologically relevant 
functional properties of HDL, as represented by the capacity to inhibit LDL oxidation and 
the ability of plasma to stimulate cellular cholesterol efflux. No such relationships were 
observed in subjects with NFG and IFG subjects. Positive interactions between glucose 
tolerance category and both measures of HDL functionality on pancreatic β-cell function 
were observed, underscoring the notion that the relationship of β-cell function with HDL 
functionality was indeed different in T2DM compared to NFG. In addition, the HbA1c 
level also interacted positively with these HDL functionality measures on pancreatic β-cell 
function. Of further relevance, neither HDL anti-oxidative capacity nor cellular cholesterol 
efflux to plasma was significantly different in T2DM compared to NFG and IFG subjects. 
Overall, the present results conceivably indicate that better HDL functional properties 
may contribute to maintenance of β-cell function in subjects with well-controlled T2DM. 
It seems unlikely from the current observations that defective HDL functionality provides 
a major contributing mechanism that is primarily responsible for the deterioration of 
β-cell function that occurs during the development of T2DM.
In this study pancreatic β-cell function and insulin sensitivity were assessed using 
homeostasis model assessment equations.22 As expected, relative β-cell function and 
insulin sensitivity were both impaired in T2DM subjects compared to NFG subjects.21, 25 
Moreover, the HOMA-β/HOMAir ratio was progressively decreased with deteriorating 
glucose tolerance, supporting the concept that glucose tolerance will deteriorate when 
the adaptive β-cell response becomes insufficient.21 In the 3 glucose tolerance categories 
and in all participants combined there was a close correlation between HOMA-β and 
HOMAir, which should be explained in view of the intricate interdependence between 
HOMA-β and HOMAir, as reflected by the mathematical equations used to calculate β-cell 
function and insulin sensitivity.22 This makes it necessary to take account for HOMAir 
when evaluating relationships of HDL functionality measures and HDL cholesterol with 
HOMA-β. Indeed, we replicated inverse univariate correlations of HOMA-β with HDL 
cholesterol which were no longer significant after controlling for HOMAir in another 
cohort of non-diabetic men. Presumed effects of HDL on insulin sensitivity 5, 14 and vice 
versa inverse relationships of HDL cholesterol with insulin sensitivity (among others ref. 3 

and confirmed in the present study) provide additional arguments to correct for HOMAir 
in establishing relationships of HDL functionality measures with HOMA-β. In T2DM 
subjects, the positive relationships of HDL anti-oxidative capacity, as well as with cellular 
cholesterol efflux to plasma with HOMA-β remained present after controlling for HOMAir. 
In NFG and IFG subjects, HDL anti-oxidative capacity and cellular cholesterol efflux to 
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plasma were not related to HOMA-β after adjustment for HOMAir. Neither measure of 
HDL functionality was significantly correlated with HDL cholesterol and plasma apoA-I, 
whereas HDL cholesterol and apoA-I did not independently contribute to HOMA-β in 
multivariate linear regression models. Taken together, these findings support the concept 
that HDL functionality measures may be advantageous over mere HDL cholesterol and 
apoA-I mass measurements in establishing relationships of HDL with pancreatic β-cell 
function.
We employed HDL anti-oxidative capacity and cellular cholesterol efflux as read outs for 
HDL functionality. In our report, the anti-oxidative function of HDL was not different in 
T2DM compared to NFG and IFG subjects using an assay system that is standardized for 
the amount of HDL cholesterol. Using a comparable type of assay impaired anti-oxidative 
function was attributed to specific defects in the HDL3 fraction from T2DM patients with 
much more pronounced hyperglycemia and dyslipidemia compared to the presently 
studied T2DM subjects.26 Differences in patient selection and in methodology (anti-
oxidative functionality in whole HDL vs. HDL subfractions) may at least in part explain the 
apparent discrepancy. In accord with an inhibiting effect of the degree of hyperglycemia 
on HDL anti-oxidative function,27 we observed an inverse relation of HDL anti-oxidative 
capacity with fasting plasma glucose. Of further note, in T2DM subjects an inverse 
correlation of skin autofluorescence, as a proxy of tissue advanced glycation end-product 
accumulation, with the HDL anti-oxidative capacity was documented recently, which 
supports the potential clinical relevance of HDL’s anti-oxidative properties as assessed 
with this assay system.18 In the current study, human cultured fibroblasts obtained from 
a single normolipidemic donor were used to determine the ability of each individual’s 
plasma to stimulate cholesterol efflux.19 These cells were cholesterol loaded in order to 
induce ABCA1 expression.19 Although the relative contribution of the various processes 
involved in cholesterol efflux out of different cell types is still uncertain,12, 28, 29 evidence has 
accumulated that the ABCA1 pathway represents a key cholesterol transport system for 
β-cells in rodents 8-10 and humans.13 In this context it is relevant that cholesterol efflux out 
of fibroblasts using the same assay with whole diluted plasma as cholesterol acceptor in 
the medium is correlated positively with plasma levels of lipid-poor preβ-HDL particles,30 
concurring with in vitro observations that these particles represent initial acceptors of 
cell-derived cholesterol via the ABCA1 pathway.12, 29 Although we cannot completely rule 
out some contribution to the efflux rates measured of the presence of LDL and VLDL in 
the efflux medium, confounding attributable to the reuptake of newly effluxed labelled 
cholesterol was excluded under the currently used assay conditions.
Several other methodological issues need to be considered. First, we excluded T2DM 
subjects using glucose-lowering drugs. This was done to avoid confounding due to actions 
of sulfonylurea and metformin on insulin secretion and insulin sensitivity.30 We also 
excluded subjects using cholesterol-lowering medications in order to avoid drug-induced 
effects on HDL metabolism and HDL functionality.3 Consequent to these exclusion criteria, 
the participating diabetic subjects were in general metabolically well regulated and their 
plasma lipid levels were remarkably similar compared to NFG and IFG subjects. Thus, 
the positive relationship of HDL functionality measures with pancreatic β-cell function in 
T2DM subjects may be different in the context of more pronounced hyperglycemia and 
dyslipidemia. Second, the number of T2DM subjects enrolled in this study was rather 
small. However, our finding that the relation of HDL functionality measures with pancreatic 
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β-cell function varied between T2DM compared to NFG and IFG subjects was extended 
by additional analyses using HbA1c levels as measure of metabolic (dys)regulation. Third, 
given the cross-sectional design of our study, no conclusion is allowed as to whether 
HDL functionality measures predict deterioration of β-cell function over time. Finally, we 
suggest that the positive effects of HDL functionality on HOMA-β in T2DM subjects, as a 
relative measure of β-cell function warrant further exploration employing dynamic tests 
of insulin secretion.
In conclusion, pancreatic β-cell function relates positively to indices of HDL functionality 
in well-controlled T2DM, but not in NFG and IFG. Better HDL functionality may, therefore, 
contribute to maintenance of β-cell function in subjects with established T2DM. 
Assessment of HDL functionality appears to be advantageous over HDL cholesterol 
measurement in establishing novel roles of HDL in the pathophysiology of glucose 
homeostasis.
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Chapter 8

Abstract

Background. A key function of high-density lipoprotein (HDL) particles in cardiovascular 
protection is cholesterol efflux, the removal of cholesterol from macrophage foam cells 
and first step in reverse cholesterol transport. This study prospectively investigated 
whether HDL cholesterol efflux capacity is associated with cardiovascular mortality, all-
cause mortality, and graft failure in renal transplant recipients, patients with accelerated 
atherosclerosis formation. 
Methods and Results. In renal transplant recipients (n = 495, median follow-up 7.0 
years) cholesterol efflux capacity at baseline was quantified using incubation of human 
macrophage foam cells with apolipoprotein B-depleted plasma. Baseline efflux capacity 
was not different in deceased patients compared to survivors (P = 0.60 or P = 0.50 for 
cardiovascular or all-cause mortality, respectively), whereas renal transplant recipients 
developing graft failure had lower efflux capacity than those with functioning grafts (P 
< 0.001). Kaplan-Meier analysis demonstrated a lower risk for graft failure (P = 0.004), 
but not cardiovascular (P = 0.30) or all-cause mortality (P = 0.31) with increasing gender-
stratified tertiles of efflux capacity. Cox regression analyses adjusted for age and gender 
showed that efflux capacity was not associated with cardiovascular mortality (hazard ratio 
[HR] = 0.891 [0.668-1.188], P = 0.43); the association between efflux capacity and all-cause 
mortality (HR = 0.786 [0.631-0.978], P = 0.031) disappeared after further adjustment for 
potential confounders. However, efflux capacity at baseline significantly predicted graft 
failure (HR = 0.433 [0.291-0.644], P < 0.001), independent of apolipoprotein A-I, HDL 
cholesterol, or creatinine clearance.
Conclusions. This prospective study demonstrates that cholesterol efflux capacity from 
macrophage foam cells is not associated with cardiovascular or all-cause mortality, but is 
a strong predictor of graft failure independent of plasma HDL cholesterol levels in renal 
transplant recipients. 
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8.1 Introduction

Over the last decades large population-based studies established low levels of high-
density lipoprotein (HDL) cholesterol as an important independent risk factor for 
atherosclerotic cardiovascular disease (CVD).1, 2 However, several recent observations 
shifted the focus of cardiovascular research to the concept of HDL functionality, i.e. the 
functional quality of HDL particles being at least equally important as HDL cholesterol 
mass levels. Firstly, on the individual level there is substantial variation in the relationship 
between CVD and plasma HDL cholesterol.3, 4 Further support for the concept of HDL 
functionality came from pharmacological intervention studies designed to raise 
plasma HDL cholesterol levels, which failed to show a clinical benefit.5-7 Although many 
different functions of HDL have been described thus far, cholesterol efflux, which is the 
capacity of HDL to remove cholesterol from macrophage foam cells, is one of the best 
established beneficial properties of HDL. Specifically, cholesterol efflux is the first step 
in reverse cholesterol transport, the major HDL-mediated atheroprotective pathway for 
eliminating excess cholesterol from the body via liver and bile.8-10 A recent cross-sectional 
study illustrated the clinical potential of HDL function measurements by showing that a 
decreased cholesterol efflux capacity from macrophages was associated with increased 
subclinical atherosclerosis and a higher prevalence of coronary artery disease.11 However, 
prospective data on the association between HDL cholesterol efflux potential and long-
term CVD outcomes are lacking.
Renal transplant recipients (RTRs) have accelerated atherosclerosis resulting in a four to 
six times increased incidence of CVD compared to the general population,12 and CVD is 
the leading cause of mortality in RTRs.13 Interestingly, there is also evidence that intragraft 
atherosclerosis plays a role in the pathogenesis of chronic renal transplant dysfunction 
14 and thereby contributes to graft failure. Graft failure represents another important 
clinical problem in RTRs, and despite progressive improvements in one-year graft survival 
rates, specifically graft failure after the first year has not been reduced substantially over 
the last decades.15

Therefore, the aim of this study was to use RTRs as a model of clinically relevant 
accelerated atherosclerosis formation to prospectively determine whether cholesterol 
efflux capacity at baseline is associated with future cardiovascular mortality, all-cause 
mortality, and graft failure.

8.2 Materials and Methods

8.2.1 Study design and patients
In this study, all adult RTRs who visited the outpatients clinic at the University Medical 
Center Groningen between August 2001 and July 2003 and who survived with a functioning 
graft for at least 1 year (1 year post-transplant was considered baseline) were invited to 
participate at their next visit to the outpatient clinic. The outpatient follow-up constitutes 
a continuous surveillance system in which patients visit the outpatient clinic with declining 
frequency, in accordance with the American Transplantation Society guidelines, that is, 
ranging from twice a week immediately after hospital discharge to twice a year in the 
long-term course after transplantation.16 Patients with overt congestive heart failure and 
patients diagnosed with cancer other than cured skin cancer were not considered eligible 
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for the study. In patients with fever or other signs of infection (e.g. complaints of upper 
respiratory tract infection or urinary tract infection), baseline visits were postponed until 
symptoms had resolved. From the 847 eligible RTRs, 606 gave signed written informed 
consent (72% consent rate) and were included in the study. The group that decided not to 
participate was comparable with the group that consented with respect to age, gender, 
body mass index, plasma creatinine, creatinine clearance, and proteinuria.
Cholesterol efflux was determined in 517 RTRs. Of this group, 22 patients were excluded 
from analyses because of evidence of acute inflammation (high sensitivity C-reactive 
protein [hsCRP] values > 20 mg/l), leaving a total of 495 recipients for analyses. A more 
complete description of the overall study design has been published previously.17 The 
Institutional Review Board approved the study protocol (METc2001/039), which complied 
with the Declaration of Helsinki.

8.2.2 End points of the study
The primary end points of this study were recipient mortality and death-censored 
graft failure. Death-censored graft failure was defined as return to dialysis therapy or 
retransplantion. The continuous surveillance system of the outpatient program ensures 
up-to-date information on patient status and cause of death. General practitioners or 
referring nephrologists were contacted in case the status of a patient was unknown. Cause 
of death was obtained by linking the number of the death certificate to the primary cause 
of death as coded by a physician from the Central Bureau of Statistics. Causes of death 
were coded according to the International Classification of Diseases, 9th revision (ICD-9).18 
Cardiovascular mortality was defined as deaths in which the principal cause of death was 
cardiovascular in nature, using ICD-9 codes 410 to 447. Graft failure and mortality were 
recorded until May 2009. There was no loss during follow-up.

8.2.3 Renal transplant characteristics
Relevant transplant characteristics, such as age, gender, and date of transplantation, 
were extracted from the Groningen Renal Transplant Database. This database contains 
information on all renal transplantations that have been performed at the University 
Medical Center Groningen since 1968, including dialysis history. Details of the standard 
immunosuppressive treatment were described previously.19 Current medication was 
extracted from the medical record. Smoking status and CVD history were obtained using a 
self-report questionnaire at inclusion. CVD history was considered positive if participants 
had a previous myocardial infarction, transient ischemic attack, or cerebrovascular 
accident.

8.2.4 Measurements and definitions
For metabolic syndrome the definition of the National Cholesterol Education Program 
Expert Panel was used.20 In 2008, the American Diabetes Association (ADA) lowered 
the cut-off point for impaired fasting glucose to ≥ 5.6 mmol/l.21 For our analysis of the 
prevalence of the metabolic syndrome, we used this ADA cut-off point. Diabetes mellitus 
was defined according to the guidelines of the ADA as a fasting plasma glucose ≥ 7.0 
mmol/l or the use of anti-diabetic medication.22 
Body mass index was calculated as weight in kilograms divided by height in meters 
squared. Waist circumference was measured on bare skin midway between the iliac crest 

-  190  -



and the 10th rib using a plastic tape measure. Blood pressure was measured using an 
automated device (Omron M4; Omron Europe B.V., The Netherlands) in supine position 
after a 6-minute rest as the average of three measurements at 1-minute intervals.
Blood was drawn after a 8 to 12 hour overnight fasting period. Total cholesterol was 
determined using the cholesterol oxidase-phenol aminophenazone method (MEGA AU 
510; Merck Diagnostica, Darmstadt, Germany). LDL cholesterol was calculated using 
the Friedewald equation.23 HDL cholesterol was measured with the cholesterol oxidase-
phenol aminophenazone method on a Technikon RA-1000 (Bayer Diagnostics, Mijdrecht, 
The Netherlands). Apolipoprotein A-I was determined by immunoturbidimetry (COBAS 
Integra System; Roche Diagnostics, Mannheim, Germany). Plasma triglycerides were 
determined with the glycerol-3-phosphate oxidase-phenol aminophenazone method 
(Roche Diagnostics). The glucose-oxidase method (YSI 2300 Stat Plus; Yellow Springs, OH) 
was used to determine plasma glucose levels. Plasma insulin was measured using an 
AxSym autoanalyzer (Abbott Diagnostics, Abbott Park, IL). HbA1c was assessed by high 
performance liquid chromatography (VARIANTTM Hb Testing System; Bio-Rad, Hercules, 
CA). Insulin resistance was calculated using Homeostasis Model Assessment of Insulin 
Resistance (HOMA-IR) as follows: HOMA-IR = glucose (mmol/l) x insulin (μU/ml)/22.5.24 
Plasma hsCRP was assessed by ELISA as described before.25 Plasma and urine creatinine 
concentrations were determined using a modified version of the Jaffé method (MEGA 
AU 510; Merck Diagnostica). Creatinine clearance was calculated from 24-hour urinary 
creatinine excretion and plasma creatinine. Total urinary protein concentration was 
analyzed using the Biuret reaction (MEGA AU 510; Merck Diagnostica), and proteinuria 
was defined as urinary protein excretion ≥ 0.5 g per 24 hours.

8.2.5 Assessment of cholesterol efflux
Blood samples from RTRs were collected after a 8 to 12 hour overnight fasting period in 
plasma separator tubes containing EDTA, placed on ice, centrifuged at 4°C, and immediately 
stored at -80°C until further analysis. To isolate total HDL, apolipoprotein B (apoB)-
containing lipoproteins were precipitated from EDTA plasma using polyethylene glycol 
(PEG 6000, Sigma, St. Louis, MO) in 10 mM HEPES (pH = 8.0) as described previously.11, 26-29 
After 30 minutes centrifugation at 2200 g, the HDL-containing supernatant was collected, 
kept on ice, and used directly for cholesterol efflux measurement. 
To assess cholesterol efflux, THP-1 human monocytes (ATCC via LGC Promochem, 
Teddington, UK) were differentiated into macrophages by the addition of 100 nM 
phorbol myristate acetate.30 Differentiated THP-1 macrophages were then loaded with 
50 μg/ml acetylated LDL and 1 μCi/ml 3H-cholesterol (Perkin Elmer, Boston, MA) for 24 
hours followed by equilibration for 24 hours in RPMI 1640 medium containing 2% bovine 
serum albumin.30 Thereafter, 2% apoB-depleted plasma was added to the macrophage 
foam cells. After 6 hours an aliquot of medium was counted to quantitate the effluxed 
cholesterol label following table-top centrifugation to pellet cellular debris. Meanwhile 
the cells were incubated for at least 30 minutes with 0.1 M NaOH at room temperature, 
whereupon the radioactivity remaining within the cells was determined by liquid 
scintillation counting (Packard 1600CA Tri-Carb, Packard, Meriden, CT). Efflux per well 
is expressed as the percentage of counts released into the medium related to the total 
dose of radioactivity initially present (counts recovered within the medium added to the 
counts recovered from the cells). Values obtained from control cells without added apoB-
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depleted patient plasma were subtracted to correct for unspecific efflux.
Cholesterol efflux measurements were carried out in all respective patient samples at the 
same time to limit potential variation due to different assay conditions. All measurements 
were performed in duplicate. To correct for potential plate-to-plate variation, apoB-
depleted control plasma was included on each plate at four different concentrations. 
Additional validation experiments showed that almost 90% of the cholesterol efflux 
capacity of apoB-depleted plasma was explained by the presence of HDL (Supplemental 
figure 8.I).

8.2.6 Statistical analysis
Normally distributed continuous variables are presented as mean ± standard deviation, 
whereas continuous variables with a skewed distribution are given as median [25th-75th 
percentile]. Categorical variables were summarized by absolute numbers (percentages). 
Logarithmic transformation was used for variables with a skewed distribution in order to 
reach normality criteria. Hazard ratios (HRs) are reported with 95% confidence intervals 
(CIs).  
Recipient baseline characteristics were analyzed separately for gender-stratified tertiles 
of cholesterol efflux. Differences among tertiles were tested with one-way analysis of 
variance followed by Bonferroni post hoc test for normally distributed variables and 
with Kruskal-Wallis test followed by Mann-Whitney U test for variables with a skewed 
distribution. Chi-square test was used to compare categorical data. Subsequently, all 
characteristics with a P ≤ 0.1 across gender-stratified tertiles of cholesterol efflux were 
entered into a stepwise multivariate linear regression model with backward elimination 
(P ≤ 0.05) in order to identify variables independently associated with cholesterol efflux.
Graft failure, all-cause mortality, and cardiovascular mortality rates in gender-stratified 
tertiles of cholesterol efflux were compared using the Kaplan-Meier method and tested 
for significant differences by log-rank test. Receiver operating characteristic (ROC) curves 
were generated to evaluate the predictive capability of cholesterol efflux capacity at 
baseline for cardiovascular mortality, all-cause mortality, and graft failure, and the area 
under the ROC curve and the 95% CIs were computed. Additionally, univariate and 
multivariate Cox proportional hazard regression analysis models were used to estimate 
hazard ratios and 95% CIs for mortality from all-causes or CVD and for graft failure. In the 
multivariate analyses, the associations of cholesterol efflux with both graft failure and 
mortality were adjusted for recipient age and gender (model 2) and further adjusted for 
apolipoprotein A-I (model 3), for HDL cholesterol (model 4), and for creatinine clearance 
(model 5). Power calculations showed that the minimum detectable hazard ratio based 
on an assumption of 90% power and two-sided alpha significance of 0.05 was 0.769 for 
CVD mortality, 0.827 for overall mortality, and 0.748 for graft failure.
A two-sided P value of < 0.05 was considered to indicate statistical significance. All 
statistical analyses were performed using the Statistical Package for the Social Sciences 
version 20 (SPSS, Chicago, IL) and GraphPad Prism version 5.00 (GraphPad software, San 
Diego, CA).
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Table 8.1. Baseline characteristics according to gender-stratified tertiles of cholesterol efflux.

Gender-stratified tertiles of cholesterol efflux
Characteristics First

(n = 164)

Second

(n = 166)

Third

(n = 165)

P value

Cholesterol efflux, % 5.8 [5.3-6.4] 7.3 [6.8-7.9]‡ 9.0 [8.2-9.8]‡,# <0.001
Recipient demographics
Age, years 50.6 ± 11.8 50.7 ± 12.7 53.6 ± 11.1 0.03
Male gender, n (%) 89 (54) 90 (54) 90 (55) 1.00
Current smoking, n (%) 36 (22) 34 (21) 35 (21) 0.95
Previous smoking, n (%) 65 (40) 74 (45) 74 (45) 0.56
Metabolic syndrome, n (%) 126 (77) 104 (63)* 52 (32) ‡,# <0.001
Body composition
BMI, kg/m2 26.9 ± 4.6 25.9 ± 3.9 25.0 ± 3.9‡ <0.001
Waist circumference men, cm 103.4 ± 12.7 101.3 ± 10.8 94.4 ± 11.7‡,# <0.001
Waist circumference women, cm 96.5 ± 14.6 92.1 ± 14.9 91.4 ± 13.8 0.07

Lipids
Total cholesterol, mmol/L 5.4 ± 1.0 5.7 ± 1.2 5.8 ± 1.0† 0.008
LDL cholesterol, mmol/L 3.4 ± 1.0 3.6 ± 1.1 3.6 ± 0.9 0.20
HDL cholesterol, mmol/L 0.9 ± 0.2 1.1 ± 0.2‡ 1.4 ± 0.3‡,# <0.001
Apolipoprotein A-I, g/L 1.3 ± 0.2 1.6 ± 0.2‡ 1.8 ± 0.3‡,# <0.001
Triglycerides, mmol/L 2.2 [1.6-3.0] 2.0 [1.4-2.6]* 1.6 [1.2-2.2]‡,# <0.001
Use of statins, n (%) 76 (46) 85 (51) 91 (55) 0.28
Cardiovascular disease history
Myocardial infarction, n (%) 15 (9) 10 (6) 17 (10) 0.36
TIA/CVA, n (%) 7 (4) 9 (5) 9 (6) 0.85
Blood pressure
Systolic blood pressure, mmHg 154 ± 24 151 ± 22 153 ± 23 0.35
Diastolic blood pressure, mmHg 90 ± 10 89 ± 9 90 ± 10 0.65
Use of ACE inhibitors, n (%) 73 (45) 53 (32)* 46 (28)† 0.004
Use of β-blockers, n (%) 120 (73) 97 (58)† 85 (52)‡ <0.001
Use of diuretics, n (%) 92 (56) 65 (39)† 57 (35)‡ <0.001
Number of antihypertensive 
drugs, n 

2 [1-3] 2 [1-3]‡ 2 [1-2]‡ <0.001

Glucose homeostasis
Glucose, mmol/L 4.7 [4.1-5.2] 4.6 [4.1-5.1] 4.4 [4.0-4.9]† 0.03
Insulin, μmol/L 12.3 [8.7-17.1] 11.4 [8.4-16.9] 9.4 [6.9-12.1]‡,# <0.001
HbA1c, % 6.5 [6.0-7.0] 6.4 [5.8-6.9] 6.2 [5.7-6.9] 0.06
HOMA-IR 2.5 [1.7-3.9] 2.3 [1.6-3.9] 1.9 [1.3-2.6]‡,# <0.001
Post-Tx diabetes mellitus, n (%) 37 (23) 26 (16) 26 (16) 0.18
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Use of anti-diabetic drugs, n (%) 31 (19) 18 (11) 19 (12) 0.06
Use of insulin, n (%) 13 (8) 10 (6) 9 (6) 0.63
Inflammation    
hsCRP, mg/L 2.6 [1.1-5.6] 1.9 [0.8-4.7] 1.7 [0.7-3.2]† 0.007
Donor demographics
Age, years 38.2 ± 15.6 37.4 ± 15.4 35.6 ± 15.7 0.29
Male gender, n (%) 90 (55) 91 (55) 93 (56) 0.96
Living kidney donor, n (%) 23 (14) 23 (14) 17 (10) 0.52
Postmortem donor, n (%) 141 (86) 143 (86) 148 (90)
(Pre)transplant history
Dialysis time, months 25.5 [13.0-48.0] 28.5 [14.0-45.0] 29.0 [13.0-51.0] 0.73
Time between Tx and inclusion, 
years

5.8 [2.3-10.0] 5.4 [2.5-10.2] 8.3 [4.0-13.9]‡,# <0.001

Immunosuppressive medication
Daily prednisolone dose, mg/dL 10.0 [7.5-10.0] 10.0 [7.5-10.0] 10.0 [7.5-10.0] 0.20
Calcineurin inhibitors, n (%) 128 (78) 140 (84) 123 (75) 0.09
Proliferation inhibitors, n (%) 128 (78) 125 (75) 114 (69) 0.16
Renal allograft function
Creatinine clearance, mL/min 58.4 ± 23.1 64.2 ± 20.6 63.8 ± 22.7 0.03
Urinary protein excretion, g/24h 0.3 [0.1-0.5] 0.2 [0.0-0.5] 0.2 [0.0-0.5] 0.11
Proteinuria ≥ 0.5 g/24h, n (%) 46 (28) 43 (26) 48 (29) 0.80

Normally distributed continuous variables are presented as mean ± SD, and differences were tested with one-
way analysis of variance followed by Bonferroni post-hoc test. Continuous variables with a skewed distribution 
are presented as median [25th-75th percentile], and differences were tested by Kruskal-Wallis test followed 
by Mann Whitney U test. Categorical data are summarized by n (%), and differences were tested by χ2 test.    
ACE, angiotensin-converting enzyme; BMI, body mass index; CVA, cerebrovascular event; HDL, high-density 
lipoprotein; HOMA, homeostatic model assessment; hsCRP, high-sensitivity C-reactive protein; LDL, low-density 
lipoprotein; TIA, transient ischemic attack; Tx, transplantation. *Tertile significantly different from the first 
tertile, P < 0.05; †Tertile significantly different from the first tertile, P < 0.01; ‡Tertile significantly different from 
the first tertile, P < 0.001; §Tertile significantly different from the second tertile, P < 0.05; ||Tertile significantly 
different from the second tertile, P < 0.01; #Tertile significantly different from the second tertile, P < 0.001.

8.3 Results

In this prospective longitudinal study, cholesterol efflux capacity was measured in a 
total of 495 RTRs (mean age 51.6 ± 12.0; 54% men). Patients were divided in gender-
stratified tertiles based on baseline cholesterol efflux capacity with the following median 
values: first tertile, 5.8% [5.3-6.4%]; second tertile, 7.3% [6.8-7.9%]; and third tertile, 
9.0% [8.2-9.8%]. Baseline patient characteristics according to gender-stratified tertiles of 
cholesterol efflux are summarized in Table 8.1. The prevalence of the metabolic syndrome 
decreased significantly with increasing tertiles of cholesterol efflux. Additionally, there 
was an inverse association between cholesterol efflux and plasma triglycerides, whereas 
cholesterol efflux was positively associated with HDL cholesterol and apolipoprotein A-I 
levels. Patients in the highest tertile of cholesterol efflux had a lower body mass index, 
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a smaller waist circumference, higher plasma total cholesterol levels, lower plasma 
glucose, lower plasma insulin, a lower HOMA-IR, lower hsCRP values, and a longer time 
between kidney transplantation and inclusion. Mean blood pressure was similar over the 
cholesterol efflux tertiles, although patients in the lowest tertile more frequently used 
anti-hypertensive drugs.

Table 8.2. Variables that have independent associations with or are determinants of cholesterol efflux capacity.

β 95% CI Standardized 
beta

P value

Apolipoprotein A-I 2.805 2.368; 3.241 0.493 <0.001
HDL cholesterol 1.913 1.509; 2.317 0.367 <0.001
Time between Tx and inclusion 0.026 0.012; 0.040 0.099 <0.001
Use of calcineurin inhibitors 0.380 0.158; 0.601 0.093 0.001
Recipient age 0.011 0.004; 0.018 0.079 0.003
Waist circumference -0.009 -0.015; -0.003 -0.073 0.006
HbA1c -0.113 -0.196; -0.031 -0.068 0.007
R2 = 0.75

Variables are listed in decreasing order of strength of association according to the absolute value of the 
standardized beta. HDL, high-density lipoprotein; Tx, transplantation. 

Subsequently, backward multiple linear regression analysis was used to assess which 
variables are independently associated with and are determinants of cholesterol efflux 
capacity in RTRs (Table 8.2). Cholesterol efflux capacity was found to have a strong, 
independent relationship with plasma apolipoprotein A-I and HDL cholesterol mass. 
Furthermore, cholesterol efflux capacity was independently and positively associated 
with time between kidney transplantation and inclusion, use of calcineurin inhibitors, and 
recipient age. On the other hand, cholesterol efflux capacity independently and inversely 
correlated with both waist circumference and HbA1c. R2 of the final model was 0.75.
During a median follow-up of 7.0 years [6.3-7.5 years], a total of 102 (21%) patients 
died, including 54 (11%) from confirmed cardiovascular causes. In addition, 46 (9%) RTRs 
experienced graft failure during the follow-up period. Baseline cholesterol efflux from 
macrophage foam cells was not statistically different between the patients that survived 
during follow-up and the patients that died. This holds true for both cardiovascular 
mortality (7.3% [6.4-8.4%] vs. 7.6% [6.3-8.7%], P = 0.60) and all-cause mortality (7.3% 
[6.4-8.4%] vs. 7.2% [6.2-8.6%], P = 0.50). However, cholesterol efflux capacity at baseline 
was significantly lower in RTRs with graft failure compared to RTRs whose graft survived 
(6.5% [5.2-7.4] vs. 7.4% [6.4-8.6%], P < 0.001).
Next, mortality rates and graft failure among tertiles of cholesterol efflux were compared 
using Kaplan-Meier analysis. There was no relationship between cholesterol efflux tertiles 
and cardiovascular mortality (log-rank test: P = 0.30; Figure 8.1A). During follow-up, the 
corresponding numbers of death from apparent cardiovascular origin were 16 (10%) in 
the first tertile, 15 (9%) in the second tertile, and 23 (14%) in the third tertile. Likewise, 
Kaplan-Meier curves did not reveal an association of cholesterol efflux with all-cause 
mortality (log-rank test: P = 0.31; Figure 8.1B). The incidence of death from all-causes was 
37 (23%) in the first tertile, 28 (17%) in the second tertile, and 37 (22%) in the third tertile. 
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However, the cumulative incidence of graft failure significantly decreased in a step-wise 
fashion with increasing tertiles of cholesterol efflux (log-rank test: P = 0.004; Figure 8.1C), 
with respective numbers of 23 (14%) in the lowest tertile, 17 (10%) in the middle tertile, 
and 6 (4%) in the highest tertile.

ROC curves were plotted to assess the prognostic value of cholesterol efflux capacity for 
cardiovascular mortality, all-cause mortality, and graft failure in RTRs within the median 
follow-up time of 7.0 years. The area under the ROC curve for prediction of cardiovascular 
mortality was 0.48 (95% CI: 0.39-0.56, P = 0.60; Figure 8.2A) and for prediction of all-
cause mortality 0.52 (95% CI: 0.46-0.59, P = 0.50; Figure 8.2B). On the other hand, the 
area under the ROC curve showed that baseline cholesterol efflux capacity is a predictor 
of graft failure (0.69 [95% CI: 0.62-0.77], P < 0.001; Figure 8.2C). 

Finally, Cox proportional hazard analyses were performed to evaluate the independent 
contribution of cholesterol efflux capacity to the risk for patient mortality and graft failure 
(Table 8.3). Cholesterol efflux capacity was not associated with future cardiovascular 
mortality in both univariate (HR = 1.014 [0.777-1.323], P = 0.92; Table 8.3, model 1) and 
multivariate analyses (Table 8.3, model 2-5 and Supplemental table 8.I). Similar results 
were obtained for the association of HDL cholesterol levels and apolipoprotein A-I levels 
with CVD mortality (Supplemental table 8.II and 8.III). 
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Figure 8.1. Kaplan-Meier curves of (A) cardiovascular mortality, (B) all-cause mortality, and (C) graft failure 
according to gender-stratified tertiles of cholesterol efflux. The corresponding P value was obtained from the 
log-rank test.

Figure 8.2. Receiver operating characteristic (ROC) curves of cholesterol efflux capacity for (A) cardiovascular 
mortality, (B) all-cause mortality, and (C) graft failure. The dashed line represents the reference line.



Table 8.3. Hazard ratios for cardiovascular mortality, all-cause mortality, and graft failure by cholesterol efflux 
capacity.

Cardiovascular mortality
(54 events)

All-cause mortality
(102 events)

Graft failure 
(46 events)

HR [95% CI] per 
1-SD increase

P value HR [95% CI] per 
1-SD increase

P value HR [95% CI] per 
1-SD increase

P value

Model 1 1.014 
[0.777-1.323]

0.92 0.908 
[0.741-1.112]

0.35 0.428         
[0.293-0.625]

<0.001

Model 2 0.891 
[0.668-1.188]

0.43 0.786 
[0.631-0.978]

0.031 0.433        
[0.291-0.644]

<0.001

Model 3 1.050 
[0.683-1.615]

0.83 0.841 
[0.594-1.191]

0.33 0.417         
[0.226-0.769]

0.005

Model 4 1.255 
[0.833-1.891]

0.28 0.918 
[0.659-1.280]

0.62 0.556        
[0.313-0.987]

0.045

Model 5 0.955 
[0.718-1.269]

0.75 0.839 
[0.677-1.040]

0.11 0.524        
[0.363-0.758]

0.001

Model 1: crude; model 2: model 1 + adjustment for recipient age and gender; model 3: model 2 + adjustment 
for apolipoprotein A-I; model 4: model 2 + adjustment for HDL cholesterol; model 5: model 2 + adjustment for 
creatinine clearance. HR, hazard ratio; CI, confidence interval.

While cholesterol efflux capacity was not related to all-cause mortality in an univariate 
model (HR = 0.908 [0.741-1.112], P = 0.35; Table 8.3, model 1), this association became 
significant after adjustment for recipient age and gender (HR = 0.786 [0.631-0.978], P 
= 0.031; Table 8.3, model 2). Following additional adjustments for apolipoprotein A-I 
(HR = 0.841 [0.594-1.191], P = 0.33; Table 8.3, model 3), HDL cholesterol (HR = 0.918 
[0.659-1.280], P = 0.62; Table 8.3, model 4), and creatinine clearance (HR = 0.839 [0.677-
1.040], P = 0.11; Table 8.3, model 5), cholesterol efflux capacity was no longer associated 
with all-cause mortality. The age- and gender-specific association between cholesterol 
efflux and all-cause mortality was also not independent of several other known mortality 
risk factors (Supplemental table 8.I). Comparably, also low plasma levels of HDL 
cholesterol or apolipoprotein A-I did not independently associate with a higher risk for 
all-cause mortality (Supplemental table 8.II and 8.III). When analyses were repeated for 
development of graft failure, in an univariate Cox regression model cholesterol efflux 
capacity was found to predict graft failure with a HR 0.428 ([0.293-0.625], P < 0.001; 
Table 8.3, model 1). Adjustment for recipient age and gender did not appreciably change 
this association (HR = 0.433 [0.291-0.644], P < 0.001; Table 8.3, model 2). Importantly, 
cholesterol efflux capacity at baseline remained a significant predictor of graft failure, 
even after further controlling for apolipoprotein A-I (HR = 0.417 [0.226-0.769], P = 0.005; 
Table 8.3, model 3) and for HDL cholesterol mass levels (HR = 0.556 [0.313-0.987], P = 
0.045; Table 8.3, model 4). Although taking into account renal allograft function, estimated 
by creatinine clearance, attenuated the independent predictive power of graft failure by 
cholesterol efflux in RTRs (HR = 0.524 [0.363-0.758], P = 0.01; Table 8.3, model 5), it still 
remained significant. On the other hand, cholesterol efflux predicted renal graft outcome 
independent of various other potential confounders (Supplemental table 8.I). Although 
the association of HDL cholesterol mass levels as well as apolipoprotein A-I levels with graft 
failure was significant, absolute hazard ratios per 1-SD increase showed that cholesterol 
efflux capacity was the most powerful predictor for graft failure (Supplemental table 
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8.II and 8.III). Additionally, plasma levels of HDL cholesterol and apolipoprotein A-I no 
longer predicted graft failure after adjusting for cholesterol efflux capacity (Supplemental 
table 8.II and 8.III), suggesting that HDL cholesterol and apolipoprotein A-I levels are not 
independent risk markers but that the association with graft failure may be explained by 
cholesterol efflux capacity. These combined data demonstrate that HDL cholesterol efflux 
function is a strong independent predictor of graft failure in RTRs.

8.4 Discussion

This prospective study is to our knowledge the first to examine the predictive value of 
cholesterol efflux capacity as a measure of HDL functionality for relevant long-term clinical 
outcomes. Our data indicate that cholesterol efflux capacity from macrophage foam cells 
did not independently predict risk for cardiovascular and all-cause mortality after kidney 
transplantation. Interestingly, however, a higher cholesterol efflux capacity in RTRs at 
baseline was associated with significant protection against the future development of 
graft failure, a condition previously linked to accelerated atherosclerosis formation.14 
Importantly, this clinical association of cholesterol efflux capacity, as a mechanistically 
relevant surrogate of HDL function, was independent of plasma HDL cholesterol as 
well as apolipoprotein A-I mass levels. Thereby, our data lend strong support to the 
emerging concept that important additional clinical information can be derived from the 
assessment of HDL function as compared to HDL cholesterol mass measurements. 
In recent years, a growing amount of literature has been published on HDL functionality. 
These studies demonstrated that significant differences in the functional properties of HDL 
may exist between patients and healthy control subjects (reviewed by 31, 32). In addition, 
recent work demonstrated that HDL function, as measured by the cholesterol efflux 
capacity from macrophage foam cells, inversely related to subclinical atherosclerosis and 
coronary artery disease.11 However, in contrast to our present study a major disadvantage 
of current published research on HDL function is that the cross-sectional nature of these 
studies does not allow to draw any definite conclusion about whether dysfunctional HDL 
is cause or consequence of a specific clinical condition. 
An important result of the current study is that cholesterol efflux capacity is not an 
independent predictor of mortality in RTRs. HDL function was only linked to all-cause 
mortality when patient age and gender were taken into account, and this relationship 
could be largely explained by a variety of other conventional risk factors. Furthermore, no 
evidence was found for an association between HDL function and specific cardiovascular 
mortality. However, the nature of cardiovascular disease in RTRs is not well-defined and 
might differ from the general population.33 Such a concept is supported by traditional risk 
factors not consistently being the major determinants of cardiovascular events in RTRs.34 
Although myocardial infarction due to obstructive coronary artery disease, the principal 
type of CVD in the general population, is not uncommon in RTRs, increased cardiovascular 
mortality among RTRs might be largely attributable to an excess prevalence of sudden 
cardiac death and heart failure.33 Moreover, as their kidney function declines RTRs may 
develop uremia, which in turn can cause deleterious changes in the structure and function 
of the heart, a condition termed uremic cardiomyopathy.35 Therefore, our results might 
not be readily translated to other groups of patients or the general population. Further 
research is warranted to address this issue.
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The most interesting finding of our study was that cholesterol efflux capacity independently 
identified subjects at risk for graft failure. There are several potential explanations for 
the association between HDL function and graft failure after kidney transplantation. 
First, progressive atherosclerosis in the vasculature of the transplanted kidney is a major 
pathological manifestation of chronic renal transplant dysfunction, one of the leading 
causes of graft failure in RTRs after the first year following transplantation.14 A better 
functionality of HDL in removing cholesterol from macrophage foam cells in the vascular 
wall is conceivably expected to contribute to prevent or reverse intragraft atherosclerosis, 
and thereby slow the decline in kidney function. It is also plausible that an increased 
cellular cholesterol efflux capacity, as one key metric of HDL function, reflects an overall 
improvement in the functionality of HDL particles. One could hypothesize that in this 
line other functions of HDL, such as endothelial protection, might also contribute to 
improved graft survival. One of the hallmarks of chronic allograft dysfunction in renal 
transplantation is an enhanced endothelial expression of adhesion molecules.36 HDL has 
the ability to inhibit adhesion molecule expression on endothelial cells,37 which in turn 
may help restrain the recruitment of potentially harmful proinflammatory mononuclear 
cells into the kidney graft. 
With regard to potential clinical implications, our findings suggest that HDL function might 
be an attractive novel treatment target for the prevention of graft failure in RTRs. Several 
new therapeutic strategies to potentially increase the functionality of HDL are currently 
under investigation. These include apolipoprotein A-I/reconstituted HDL infusions, 
apolipoprotein A-I mimetic peptides, niacin, and maybe still cholesteryl ester transfer 
protein inhibitors.38, 39 According to our data additional research is clearly required to 
address the effectiveness of such interventions for kidney graft preservation. 
In conclusion, our results indicate that baseline cholesterol efflux capacity is not a 
significant risk factor for cardiovascular mortality and all-cause mortality, at least not 
in this specific patient population of RTRs. However, higher cholesterol efflux capacity 
was independently associated with an increased long-term graft survival after kidney 
transplantation. The findings of this study thereby provide the basis for an important 
new understanding of the prognostic value of HDL functionality independent of HDL 
cholesterol mass levels.
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Supplemental information chapter 8

Supplemental table 8.I. Hazard ratios for cardiovascular mortality, all-cause mortality, and graft failure by 
cholesterol efflux capacity.

Cardiovascular mortality
(54 events)

All-cause mortality
(102 events)

Graft failure 
(46 events)

HR [95% CI] per 
1-SD increase

P value HR [95% CI] per 
1-SD increase

P value HR [95% CI] per 
1-SD increase

P value

Model 1 0.901        
[0.668-1.216]

0.50 0.814        
[0.650-1.021]

0.074 0.438        
[0.291-0.661]

<0.001

Model 2 0.846        
[0.629-1.138]

0.27 0.743        
[0.593-0.931]

0.010 0.414        
[0.275-0.623]

<0.001

Model 3 1.102        
[0.781-1.554]

0.58 0.923        
[0.709-1.203]

0.55 0.377        
[0.242-0.587]

<0.001

Model 4 0.957        
[0.709-1.292]

0.77 0.832        
[0.662-1.045]

0.11 0.505        
[0.342-0.744]

0.001

Model 5 0.914        
[0.676-1.235]

0.56 0.806        
[0.642-1.012]

0.063 0.453        
[0.309-0.662]

<0.001

Model 6 0.919        
[0.687-1.230]

0.57 0.805        
[0.645-1.003]

0.054 0.439        
[0.294-0.657]

<0.001

Model 7 0.882        
[0.658-1.182]

0.40 0.775        
[0.620-0.968]

0.025 0.425        
[0.285-0.634]

<0.001

Model 8 0.891        
[0.668-1.189]

0.43 0.786        
[0.632-0.978]

0.031 0.425        
[0.286-0.634]

<0.001

All models were adjusted for recipient age and gender. Model 1: adjustment for LDL cholesterol and 
triglycerides; model 2: adjustment for current and past smoking; model 3: adjustment for presence of the 
metabolic syndrome, BMI, and waist circumference; model 4: adjustment for systolic blood pressure, use of 
ACE inhibitors, use of β-blockers, use of diuretics, and number of anti-hypertensive drugs; model 5: adjustment 
for presence of diabetes, glucose, fasting insulin, HbA1c, HOMA-IR, and use of anti-diabetic drugs; model 6: 
adjustment for hsCRP; model 7: adjustment for dialysis time and time between kidney transplantation and 
inclusion; model 8: adjustment use of calcineurin inhibitors. HR, hazard ratio; CI, confidence interval.
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Supplemental figure 8.I. Cholesterol efflux capacity measurement. Cholesterol efflux capacity of apoB-
depleted plasma and apoB-depleted plasma devoid of HDL (HDL-free). Plasma was depleted from apoB-
containing lipoproteins by PEG precipitation as described in Materials and Methods, and subsequently HDL 
was removed from the apoB-depleted plasma using ultracentrifugation (d = 1.25 g/ml) to obtain the HDL-free 
fraction. Cholesterol efflux capacity was determined as described in Material and Methods. 
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Supplemental table 8.II. Hazard ratios for cardiovascular mortality, all-cause mortality, and graft failure by HDL 
cholesterol levels.

Cardiovascular mortality
(54 events)

All-cause mortality
(102 events)

Graft failure 
(46 events)

HR [95% CI] per 
1-SD increase

P value HR [95% CI] per 
1-SD increase

P value HR [95% CI] per 
1-SD increase

P value

Model 1 0.838        
[0.627-1.120]

0.23 0.858        
[0.696-1.058]

0.15 0.450        
[0.307-0.660]

<0.001

Model 2 0.745        
[0.550-1.009]

0.057 0.763        
[0.613-0.950]

0.016 0.458        
[0.307-0.684]

<0.001

Model 3 0.664        
[0.397-1.112]

0.12 0.779        
[0.546-1.111]

0.17 0.481        
[0.256-0.906]

0.023

Model 4 0.625        
[0.402-0.913]

0.037 0.814        
[0.584-1.135]

0.23 0.705        
[0.400-1.242]

0.23

Model 5 0.791        
[0.586-1.066]

0.12 0.807        
[0.650-1.001]

0.051 0.526        
[0.359-0.772]

0.001

Model 1: crude; model 2: model 1 + adjustment for recipient age and gender; model 3: model 2 + adjustment 
for apolipoprotein A-I; model 4: model 2 + adjustment for efflux capacity; model 5: model 2 + adjustment for 
creatinine clearance. HR, hazard ratio; CI, confidence interval.

Supplemental table 8.III. Hazard ratios for cardiovascular mortality, all-cause mortality, and graft failure by 
apolipoprotein A-I levels. 

Cardiovascular mortality
(54 events)

All-cause mortality
(102 events)

Graft failure 
(46 events)

HR [95% CI] per 
1-SD increase

P value HR [95% CI] per 
1-SD increase

P value HR [95% CI] per 
1-SD increase

P value

Model 1 0.963        
[0.735-1.263]

0.79 0.927        
[0.759-1.132]

0.46 0.537        
[0.380-0.759]

<0.001

Model 2 0.839        
[0.630-1.118]

0.23 0.806         
[0.653-0.995]

0.044 0.555        
[0.386-0.799]

0.002

Model 3 0.809        
[0.523-1.250]

0.34 0.920        
[0.655-1.291]

0.63 1.047        
[0.589-1.858]

0.88

Model 4 1.147        
[0.706-1.865]

0.58 0.975        
[0.691-1.376]

0.89 0.943        
[0.529-1.683]

0.84

Model 5 0.887        
[0.664-1.185]

0.42 0.849        
[0.687-1.050]

0.13 0.591        
[0.407-0.857]

0.006

Model 1: crude; model 2: model 1 + adjustment for recipient age and gender; model 3: model 2 + adjustment for 
cholesterol efflux capacity; model 4: model 2 + adjustment for HDL cholesterol; model 5: model 2 + adjustment 
for creatinine clearance. HR, hazard ratio; CI, confidence interval.
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General discussion
In this thesis both mouse and human studies were performed to gain more insight into 
the importance of HDL functionality for cardiovascular risk. The research described in the 
first part of this thesis focused on the regulation of reverse cholesterol transport (RCT) in 
different mouse models, whereas the second part of this thesis was dedicated to put HDL 
functionality in a clinical perspective.    

9.1 HDL functionality in reverse cholesterol transport

HDL possesses many anti-atherogenic functions, however, the best recognized of these is 
the ability of HDL to promote cholesterol efflux and RCT. In this pathway, HDL transports 
excess cholesterol from peripheral cells -and most directly relevant for atherosclerosis 
macrophage foam cells in the artery wall- to the liver, where it is removed from the 
circulation and eliminated from the body via the bile and feces.1, 2 Nevertheless, until the 
last decade an integrated methodology to study macrophage-to-feces RCT was lacking. 
An important advancement came with the development of a novel radioisotopic method 
for quantifying RCT from macrophages in vivo in rodents.3 Applying this method, Rader 
and colleagues showed in a first proof-of-concept study in mice that overexpression of 
apolipoprotein (apo) A-I, the major protein of plasma HDL, increased the flux of cholesterol 
from macrophages through the RCT pathway.3 From this point forward, an ever-increasing 
number of studies have been published using this in vivo RCT from macrophage-to-feces 
methodology to test the influence of different diseases and clinical interventions on HDL-
mediated RCT in rodents (a detailed overview of these animal studies can be found in 
chapter 2 of this thesis). However, although desirable and needed from a clinical point 
of view, reliable and reproducible methods to quantitate macrophage-specific RCT in 
humans are thus far not available.  

9.1.1 Acute inflammation and reverse cholesterol transport
Inflammation plays a key role in all phases of atherosclerotic lesion development, and 
atherosclerosis is nowadays recognized as a chronic inflammatory disease.4-6 There are 
strong supporting data from several studies (including chapter 3 of this thesis) that 
inflammation negatively impacts the RCT pathway. In mice acute systemic inflammation 
induced by a single injection of lipopolysaccharide was associated with a considerably 
impaired recovery of macrophage-derived cholesterol in the feces (chapter 3), which is 
in general agreement with data published by McGillicuddy et al..7 Subsequent studies 
by another group revealed that also a milder inflammatory stimulus triggered by 
zymosan impaired macrophage-specific RCT.8 The molecular mechanisms underlying the 
reduction in RCT during the acute phase response are very complex and have only been 
partly elucidated. First, the initial step in the RCT pathway, i.e. cholesterol efflux from 
macrophages, is impaired during acute inflammation. Plasma and HDL from patients 
with acute sepsis had a significantly decreased capacity to remove cholesterol from 
macrophage foam cells (chapter 3). Correspondingly, macrophage cholesterol efflux was 
decreased towards plasma from mice with zymosan-mediated inflammation.8 Moreover, 
data presented in this thesis showed that elevated circulating levels of acute phase 
proteins, such as serum amyloid A (SAA) and myeloperoxidase (MPO), may account, at 
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least to a limited extent, for impaired RCT upon acute inflammation. Adenoviral-mediated 
overexpression of murine SAA as well as consecutive injections of human MPO into mice 
slightly but significantly decreased in vivo RCT (chapter 3). However, presumably the most 
important underlying mechanism identified involves reduced expression of hepatobiliary 
transporters essential for secretion of cholesterol and bile acids via the bile upon acute 
inflammation (chapter 3 and refs 7, 8). As a consequence biliary secretion rates of bile acids 
and cholesterol are lower during the acute phase response in mice (unpublished data). 
Thereby, the liver might serve as gate-keeper preventing the loss of sterols from the body, 
which play an important role in the protection against inflammatory responses. These 
findings may be of clinical importance to patients with chronic inflammatory diseases, 
who are at a higher risk for atherosclerotic cardiovascular disease.  

9.1.2 Type 1 diabetes mellitus and reverse cholesterol transport
Type 1 diabetes mellitus is associated with a high risk for cardiovascular disease.9 In chapter 
4 the in vivo RCT method was used to test the hypothesis that accelerated atherosclerosis 
formation in patients with type 1 diabetes mellitus may be in part explained by a defect in 
the atheroprotective HDL-mediated RCT pathway. In alloxan-induced type 1 diabetic mice 
in vivo RCT from macrophages is significantly reduced compared to non-diabetic controls. 
Macrophage RCT has also been reported to be reduced in mice that were made type 1 
diabetic with streptozotocin.10 Although the phenotype of these mice was aggravated by 
the haptoglobin genotype,10 the impact of type 1 diabetes on the individual steps of the 
RCT pathway remained unknown. The work described in chapter 4 provides novel insights 
into the perturbations in sterol metabolism and the RCT pathway during a type 1 diabetic 
state. The most evident difference between type 1 diabetic and non-diabetic mice was 
a markedly increased biliary output of bile acids, cholesterol, as well as phospholipids 
in the diabetic mice. However, at the same time the uptake of cholesteryl esters from 
HDL into the hepatic pool was reduced in mice with type 1 diabetes. This might have 
been caused by glycation of HDL due to sustained hyperglycemia affecting the affinity 
of HDL for scavenger receptor class B type I  (SR-BI). Hence, the delivery of macrophage-
derived cholesterol to the liver appears rate-limiting for the flux through the RCT pathway 
in type 1 diabetes mellitus. However, in humans besides the direct selective uptake 
pathway mediated by SR-BI also an indirect cholesteryl ester transfer protein (CETP)-
dependent pathway is active for RCT. It is yet unknown whether type 1 diabetes mellitus 
also impairs RCT in CETP-expressing models that are able to shuttle cholesteryl esters 
from HDL to apoB-containing lipoproteins for subsequent hepatic uptake via members of 
the LDL receptor family. Based on the findings obtained thus far, long-term diminished 
RCT may contribute to the enhanced development of atherosclerosis in patients with 
type 1 diabetes mellitus, and stimulating the RCT pathway by reducing the glycation of 
HDL might have promise for prevention as well as treatment of atherosclerotic disease 
in these patients.  

9.1.3 Apolipoprotein E and reverse cholesterol transport
Since overexpression of apoE in various mouse models has been shown to protect against 
atherosclerotic lesion formation, in chapter 5 the hypothesis was tested that apoE, at 
least in part, can protect against atherosclerosis by increasing RCT from macrophages. 
However, no effect of systemic apoE overexpression was found on macrophage-to-feces 
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RCT in wild-type mice as well as in mice expressing CETP, even though cholesterol efflux 
from macrophages to plasma and subsequent selective uptake of HDL-derived cholesteryl 
esters into the liver were significantly higher upon hepatic apoE overexpression. 
Additional studies combined hepatic apoE overexpression with pharmacological 
inhibition of ATP-binding cassette transporter A1 (ABCA1) using probucol. These results 
indicate that increasing plasma levels of liver-derived apoE does not affect RCT due to an 
apoE-induced redirection of RCT-relevant cholesterol in the liver from biliary secretion 
to ABCA1-mediated efflux back into the plasma compartment. These data suggest 
therefore that systemic apoE confers protection against atherosclerosis by mechanisms 
not related to RCT. In support of this hypothesis, the mobilization of labeled cholesterol 
from macrophages to feces is not impaired in apoE knockout mice receiving wild-type 
macrophages when compared to wild-type mice receiving wild-type macrophages.11 
Alternatively, it might be possible that for efficient atheroprotection cholesterol 
movement through the entire RCT pathway is not necessarily required. ApoE has been 
reported to promote cholesterol efflux 12-14 and this was also confirmed by data presented 
in this thesis. Moreover, expression of apoE in macrophages has been shown to promote 
in vivo macrophage-to-feces RCT.11 Enhanced removal of cholesterol from lipid-laden 
macrophages by apoE might eventually be sufficient to reduce overall atherosclerotic 
burden.  

9.2 HDL functionality in clinical perspective

In the clinical research field of HDL functionality in general two types of articles are 
published: (i) articles investigating the clinical relevance of measures of HDL functionality, 
and (ii) articles examining which factors impair the functionality of HDL in a certain clinical 
condition, typically conducted with smaller sample sizes.      

9.2.1 HDL functionality in cardiovascular disease
Several studies have looked into the association between cardiovascular disease and 
HDL functionality. A small study in 27 normolipidemic patients with angiographically 
documented coronary artery disease and 31 age- and sex-matched healthy controls 
reported that HDL isolated from controls has the ability to prevent LDL-induced monocytic 
activity and formation of biologically active oxidized phospholipids, whereas patient HDL 
did not demonstrate any protective effects.15 Subsequent research from the same group 
confirmed these initial findings in two additional groups of patients with coronary heart 
disease.16 Intriguingly, the functionality of HDL appeared to provide a better differentiation 
between patients with coronary heart disease and healthy controls than HDL cholesterol 
mass levels.16 Direct evidence supporting this concept came from the observation that a 
metric of HDL function, i.e. cholesterol efflux capacity, was a more accurate predictor of 
the probability of having coronary artery disease than the HDL cholesterol mass level.17 
Moreover, this cross-sectional study revealed an inverse association between cholesterol 
efflux capacity and carotid intima media thickness as a measure of early atherosclerosis 
that was independent of HDL cholesterol mass and apoA-I levels.17 Patel et al. further 
found that in patients with an acute coronary syndrome the ability of HDL to counteract 
oxidation of LDL is impaired when compared to HDL from patients with stable coronary 
artery disease and healthy controls.18 In another recent study it was documented that 
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HDL from patients with coronary artery disease is functionally defective with respect 
to inhibiting endothelial inflammation and promoting endothelial repair due to failure 
of patient HDL to induce endothelial nitric oxide synthase (eNOS)-activating pathways 
and endothelial NO production.19 Mechanistic research suggested that reduced HDL-
associated paraoxonase-1 (PON1) activity in patients with coronary artery disease may 
lead to increased formation of malondialdehyde, a lipid peroxidation product in HDL.19 
PON1 inactivation may contribute to endothelial LOX-1-dependent activation of PCKβII by 
HDL from patients with coronary artery disease, which in turn may result in inhibition of 
eNOS signaling pathways.19 However, except for the latter, the published studies focused 
on just one particular functionality of HDL. Nevertheless, there is limited information 
thus far if and how different anti-atherogenic functionalities of HDL are linked. Hence, 
it is unknown whether measurement of one particular atheroprotective property 
of HDL suffices or whether more than one function of HDL should be determined. 
Additionally, in most published work putative underlying mechanisms for the effects 
on HDL functionality were not addressed, and significant baseline differences in the 
HDL cholesterol levels between the groups investigated could potentially have affected 
the results. Therefore, in chapter 6, three key anti-atherogenic functionalities of HDL 
(cholesterol efflux, anti-oxidative, and anti-inflammatory properties) were assessed in 
patients with an acute myocardial infarction and compared to controls matched for age 
and HDL cholesterol levels. We showed that two out of three protective functions of 
HDL, i.e. the cholesterol efflux potential and the endothelial anti-inflammatory capacity, 
were significantly impaired in patients with a severe acute myocardial infarction. Not 
the degree of systemic inflammation reflected by circulating levels of C-reactive protein  
but specifically plasma levels of MPO were associated with the alterations in HDL 
functionality, suggesting that MPO might be involved in rendering HDL less functional 
in patients with an acute myocardial infarction. These findings are compatible with 
previous data demonstrating that the MPO-generated oxidation products nitrotyrosine 
and chlorotyrosine are increased within apoA-I of subjects with cardiovascular disease 
compared to healthy controls.20 Notably, the nitrotyrosine and chlorotyrosine contents of 
apoA-I correlated negatively with ABCA1-mediated cholesterol efflux.20 Although specific 
modifications of HDL apolipoproteins that might be related to MPO-mediated reactions 
were not evaluated in our present study, such analyses might be valuable to carry out in 
future studies.
Overall, despite a considerable body of evidence for functional impairments of HDL in 
clinically relevant settings of cardiovascular disease, large prospective studies would 
be required to definitively prove a causal relationship between distinct aspects of HDL 
dysfunction and the risk of future cardiovascular events.          

9.2.2 HDL functionality in type 2 diabetes mellitus
Alterations in the functionality of HDL have also been described in type 2 diabetes mellitus. 
The capacity of HDL3 to support cholesterol efflux from macrophages is diminished in 
patients with poorly controlled type 2 diabetes mellitus.21 A more recent study indicated 
that HDL may lose its anti-inflammatory properties in type 2 diabetes mellitus patients.22 
Experiments investigating the anti-oxidative functionality of HDL between healthy control 
subjects and subjects with type 2 diabetes showed that HDL2 but not HDL3 particles from 
type 2 diabetic patients exhibit an impaired ability to protect against macrophage-induced 
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accumulation of lipid peroxides in LDL.23 On the other hand, Nobécourt et al. found that 
specifically the anti-oxidative capacity of small, dense HDL3 toward de novo oxidation 
of LDL by AAPH was impaired in type 2 diabetes mellitus.24 Experimental evidence from 
our group suggests that the anti-oxidative functionality of HDL per se is not affected in 
patients with type 2 diabetes mellitus, although the overall capacity of plasma HDL to 
protect against LDL oxidation is reduced.25 However, comparable to the link between HDL 
function and CVD thus far also no studies addressed whether HDL functionality is able to 
predict future development of type 2 diabetes mellitus. 
What are the factors underlying the functional defects of HDL in type 2 diabetes mellitus? 
Impaired anti-oxidative protection properties of HDL were found to be closely linked to 
increased lecithin:cholesterol aceyltransferase activity and hyperglycemia.25 Moreover, 
the capacity of HDL to inhibit the oxidative modification of LDL in patients with type 2 
diabetes mellitus was inversely associated with a higher skin autofluorescence as a non-
invasive marker for tissue accumulation of advanced glycation end products.26 In other 
type 2 diabetes mellitus studies, it has been demonstrated that PON1 activity is lower 
in diabetic HDL, and PON1 activity was significantly inversely correlated with the anti-
oxidant potential of HDL.24    
Results presented in chapter 7 demonstrated that the anti-oxidative functionality of HDL 
as well as the cellular cholesterol efflux to plasma were correlated with the pancreatic 
β-cell function in type 2 diabetic subjects. Together with the finding that this positive 
relationship between HDL functionality and β-cell function remained after controlling 
for homeostasis model assessment for insulin resistance, these data suggest that HDL 
functionality may independently contribute to pancreatic β-cell function in type 2 
diabetes mellitus. This view is supported even further by in vitro studies showing that HDL 
is able to stimulate insulin secretion from pancreatic β-cells 27 and to protect pancreatic 
β-cells from apoptosis.28, 29 Moreover, β-cells lacking ABCA1 exhibit impaired insulin 
secretion,30 suggesting that cholesterol efflux capacity plays a role in pancreatic β-cell 
function. In human studies, infusions of reconstituted HDL have been shown to increase 
plasma insulin levels and thereby confer lower plasma glucose levels in patients with 
type 2 diabetes mellitus.31 Interestingly, this coincided with an higher homeostasis model 
assessment for β-cell index,31 which might indicate that pancreatic β-cell function was 
improved. From our data, however, we are not able to discern a possible causative effect 
of HDL functionality on deterioration of pancreatic β-cell function. Prospective studies in 
a large number of patients are needed to clarify the predictive value of measures of HDL 
functionality in assessing future functional changes of pancreatic β-cells.   

9.2.3 HDL functionality and prospective outcomes
The most important shortcoming of all published studies so far and also of the studies 
described in chapter 6 and 7 is that due to their cross-sectional design they do not allow 
to draw conclusions whether a change in HDL functionality is a cause or consequence 
of the disease status. However, to date there are no studies published linking HDL 
functionality to prospective outcomes. Clearly, there is an urgent need for prospective 
cohort studies to evaluate the predictive value of HDL functionality for cardiovascular 
risk. For that reason, the association of HDL cholesterol efflux capacity from macrophage 
foam cells at baseline with future cardiovascular mortality, all-cause mortality, and graft 
failure was prospectively assessed in a cohort study of 495 renal transplant recipients 
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(chapter 8). Renal transplant recipients are particularly prone to develop accelerated 
atherosclerosis, which is reflected by a four to six times higher incidence of cardiovascular 
disease compared to the general population.32 Interestingly, we found that a lower 
functionality of HDL in cholesterol efflux at baseline was not related to an increased 
cardiovascular mortality or all-cause mortality during follow-up, at least not in this 
specific patient group of renal transplant recipients. However, before extrapolating these 
results to the general population we need to consider that the nature of cardiovascular 
disease in renal transplant recipients may be different. Myocardial infarction due to 
occlusion of the coronary arteries is the most common type of cardiovascular disease in 
the general population, whereas renal transplant recipients experience a high incidence 
of sudden cardiac death and heart failure.33 Additionally, uremic cardiomyopathy due to 
a progressive decline in kidney function may contribute substantially to cardiovascular 
mortality in renal transplant recipients.34 Traditional risk factors may not suffice for 
accurate cardiovascular disease risk prediction in renal transplant recipients,35 leaving 
the possibility that metrics of lipoprotein function might add to risk prediction. However, 
still prospective population-based cohort studies are warranted to clarify the value of 
HDL functionality in the prediction of cardiovascular events in the general population. 
In addition to cardiovascular and all-cause mortality, the study presented in chapter 
8 examined whether HDL cholesterol efflux capacity at baseline (i.e. in patients with 
a functioning graft for more than one year) would be associated with future risk of 
graft failure, since there is evidence that intragraft atherosclerosis plays an important 
role in the pathogenesis of chronic renal transplant dysfunction.36 Notably, a higher 
cholesterol efflux capacity from macrophage foam cells at baseline was associated with 
a significantly improved graft survival in renal transplant recipients during follow-up. This 
study is clinically and conceptually highly significant in showing for the first time that 
HDL functionality has prognostic value for an important and frequently encountered 
problem in patients after kidney transplantation. Although the mechanisms underlying 
the association between the functionality of HDL in cholesterol efflux and graft failure are 
not yet elucidated, these findings might have future implications in terms of decreasing 
graft failure by means of therapies tailored to increase HDL functionality.                                      

9.3 Assessment of HDL functionality

It is not surprising considering the growing interest in HDL functionality that already 
several studies have analyzed HDL functions in clinical disorders and some have focused 
on improving HDL function by drug therapy. However, the laboratory assessment of HDL 
functionality is still far from being standardized and several methodological issues have 
to be considered when interpreting the results of these assays. 

9.3.1 HDL isolation method
First of all, the question arises what would be the best method to isolate HDL, which is 
then added in the different HDL function tests. This is still an unresolved matter, since 
all methods have their respective advantages and disadvantages. Density gradient 
ultracentrifugation using potassium bromide has long been the classical procedure 
for the isolation of HDL from plasma.37 This method is based on the different flotation 
properties of lipoproteins in the appropriate potassium bromide densities. However, first 
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of all preparation of HDL via ultracentrifugation is rather laborious and time consuming, 
and therefore not designed for use in high-throughput sample processing. Thus, 
ultracentrifugation appears not a suitable HDL isolation method for screening of HDL 
function in larger clinical studies. Moreover, only the larger α-migrating HDL particles are 
isolated following density ultracentrifugation of plasma but smaller preβ-migrating HDL 
is lost.38 Nevertheless, this preβ-HDL fraction is a key acceptor of cellular cholesterol and 
thus may be particularly important for the cholesterol efflux potential of the total HDL 
fraction. Another limitation is that the ultracentrifugation process itself will significantly 
impact the protein composition of HDL by applying high ionic strength as well as 
gravity forces. Ultracentrifugation results in the dissociation of certain HDL-associated 
proteins from HDL particles and may change the distribution of apoA-I containing HDL 
subpopulations.39-41 This could potentially affect the results of HDL functionality assays.
Secondly, several chemical methods have been developed based on the selective 
precipitation of apoB-containing lipoproteins from plasma, which following separation 
by tabletop centrifugation yield an HDL-containing supernatant.42-44 Simple precipitation 
procedures offer the advantage of being fast and are generally applicable for large-scale 
experiments. However, plasma that is depleted from apoB-containing lipoproteins still 
contains other fractions than just HDL, and this raises concerns about the specificity of 
the biological activity of apoB-depleted plasma for the HDL fraction. We confirmed that, 
at least for the three HDL functionality assays that were used in the study described in 
chapter 6 (i.e. [1] cholesterol efflux capacity from macrophage foam cells, [2] inhibition 
of AAPH-induced oxidation of LDL, and [3] inhibition of tumor necrosis factor α-induced 
expression of vascular cell adhesion molecule-1 expression on endothelial cells), the 
major part of the biological activity of apoB-depleted plasma was contained in the HDL 
fraction. An additional drawback of chemical precipitation to isolate HDL is that apoE-rich 
large HDL particles may co-precipitate with the apoB-containing lipoproteins.            
Fast performance liquid chromatography (FPLC) is a technique to separate the various 
lipoprotein fractions based on their gel filtration properties, i.e. basically size,45 and is 
considered a non-destructive HDL preparation method. On the other hand, an important 
disadvantage of FPLC is that the obtained HDL solution is very dilute and as a consequence 
either needs to be concentrated or added in a large amount to the HDL functionality test 
in order to achieve a physiological HDL concentration. Furthermore, there is a partial 
overlap between the elution of small LDL and large HDL subfractions when lipoproteins 
are fractionated by the FPLC method. Additionally, FPLC requires relatively large starting 
volumes of plasma, which are generally not available in clinical studies. 
HDL particles can also be purified from plasma by affinity chromatography using an anti-
apoA-I column,46 although due to high expenses of the required apoA-I antibodies and the 
necessity of elution of HDL from the affinity column this methodology is not commonly 
applied. Additional issues associated with this approach are that the apoA-I antibody has 
to be highly specific and even though apoA-I is an essential component of HDL, it is also 
present in small amounts on VLDL-sized lipoproteins and chylomicrons.47 More recently, 
Gordon et al. 48 introduced another alternative noncentrifugal, gel filtration method to 
separate HDL, which is based on the concept that HDL are phospholipid-rich lipoproteins.           
Taken together, there is clearly no gold standard yet for the isolation of HDL for in vitro 
HDL functionality assays. Consequently, the method used for isolation HDL has to be 
taken into account when interpreting data on HDL functionality.   
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9.3.2 Normalization
A second key issue to address is how to normalize the amount of HDL added in the HDL 
functionality assays. There are several options for normalization, including: (i) equal 
volumes, (ii) equal amounts of HDL protein or cholesterol, or (iii) equal amounts of HDL 
particles. Each of these needs to be seen in context with the isolation method. The use 
of fixed volumes is generally the choice of normalization in HDL functionality tests for 
studies involving a larger number of subjects when also precipitation of apoB-containing 
lipoproteins is employed (refs 17, 18 and chapter 8). When applying a fixed volume, 
however, the measurement of HDL function may be significantly biased by substantial 
differences in plasma HDL cholesterol levels between the groups investigated. This can 
be overcome by the usage of multivariable statistical models that adjust for plasma HDL 
cholesterol mass levels. The second method, i.e. normalization to the total protein or 
cholesterol content of the HDL samples, enables to determine directly whether changes 
in HDL function reflect altered properties of the HDL particle. Nevertheless, the protein 
or lipid composition of the HDL particles might be affected by the clinical condition or the 
therapeutic intervention investigated, thereby complicating comparative analysis of HDL 
functionality. In addition, normalization for lipid or protein concentrations is complex 
with precipitated material as measurements are biased by other components besides 
HDL present in apoB-depleted fraction. As a third alternative equal amounts of HDL 
particles could be added in laboratory assays for HDL functional properties. Although this 
is theoretically the most preferred form of normalization, it is not a general applicable 
approach. The total number of HDL particles in a sample can be accurately determined by 
nuclear magnetic resonance spectrometry, but this requires a lot of time and effort. Since 
HDL solutions are best used fresh in HDL function tests, this is not desirable.     

9.3.3 HDL subfractions
Plasma HDL is a highly heterogeneous group of particles with variable shapes, sizes, 
densities, electrophoretic mobility, and protein and lipid composition. Although it 
has been proven that HDL has several functions with the potential to protect against 
atherosclerotic cardiovascular disease, whether different HDL subpopulations mediate 
all these functions equally well has not been investigated in detail yet. Emerging 
evidence indicates that HDL subfractions are not only structurally but also functionally 
heterogeneous. Based on density HDL can be relatively easily separated by sequential 
ultracentrifugation into large, buoyant HDL2 particles and small, dense HDL3 particles. 
Comparison of the relative strength of association of HDL2 and HDL3 with atherosclerotic 
cardiovascular disease, suggested that the cardioprotective effect of HDL2 is superior to 
that of HDL3.

49-51 However, this is still a subject of debate, as also contradictory data have 
been published. In the Quebec Cardiovascular study both HDL2 and HDL3 cholesterol 
levels were about equally negatively associated with the risk of ischemic heart disease.52 

Inversely, other studies concluded that the HDL3 subfraction is a more powerful predictor 
of cardiovascular risk.53-55 Similarly, there are no consistent findings from in vitro research 
investigating the functional differences between HDL2 and HDL3. The HDL3 subfraction 
was more efficient than the HDL2 subfraction in inhibiting cytokine-induced expression of 
vascular cell adhesion molecule-1 on endothelial cells 56 and also had a better protective 
capacity in terms of preventing oxidation of LDL.57 On the other hand, HDL2 and HDL3 
displayed comparable efficacy in accepting cholesterol that is exported from baby kidney 
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hamster cells via ABCG1.58 
When assessing the functionality of HDL in clinical disease, it may be considered most 
relevant to test the functional properties of the total HDL fraction as in the in vivo 
situation all HDL subfractions are present. However, HDL-raising drugs can alter HDL 
subclass distribution. Statin therapy results in an increase in the circulating levels of 
large α-migrating HDL particles in expense of the small HDL subpopulations.59, 60 Likewise, 
extended-release niacin has been demonstrated to elevate HDL cholesterol level by 
selectively increasing the larger HDL subfractions.61 Furthermore, treatment with the 
CETP inhibitor, torcetrapib, elevated α-3, pre-α-1, and pre-α-2 migrating HDL, but had the 
most striking effects on the large α-1 HDL subfraction.62 It is of high clinical importance 
that the functional consequences of these shifts in HDL subclass distribution in response 
to HDL-raising therapies are thoroughly investigated. 
  
9.3.4 HDL function assay
There are several well-documented actions of HDL that might explain its protection 
against cardiovascular disease. For many of these functional properties in vitro laboratory 
tests are available now. However, one major problem is that there is often no consistent 
approach for HDL functionality measurements among different laboratories. Findings 
may be significantly influenced by the specific methodological procedure of the HDL 
function test. Notably, contradictory results have been found when diverse methods are 
used to quantify the same functional property of HDL in a certain pathophysiological 
condition in humans. For example, the recent study described in chapter 6 showed a 
reduced potential of HDL from patients with a severe acute myocardial infarction to 
remove cholesterol from differentiated human THP-1 macrophages, whereas the ability 
of HDL to elicit cholesterol efflux from murine J774 macrophages was not affected by 
an acute coronary syndrome.19 Although the latter approach might be informative, 
the use of human macrophage foam cells would be considered preferred when testing 
HDL of human subjects in terms of their ability to accept cholesterol. Furthermore, in 
contrast to earlier findings,18 no evidence for a functional deficiency of HDL in inhibiting 
oxidation of LDL in the setting of an acute coronary syndrome was detectable in the 
present work (chapter 6). This may be explained by the fact that the assay used in this 
thesis determines the capacity to prevent the de novo oxidation of native LDL with the 
relatively mild oxidant AAPH, while the assay used in the previous study measures the 
capacity of HDL to inactivate already oxidized phospholipids added in the form of copper 
sulfate-oxidized LDL.18 Morgantini et al. reported that HDL particles have compromised 
anti-oxidative activity in subjects with type 2 diabetes mellitus.22 In earlier studies by 
our group, however, the anti-oxidative protection of HDL was similar between type 2 
diabetic patients and healthy controls.25 This again might be attributed to the different 
methodologies applied. Clearly there is need for more standardized techniques for the 
measurement of HDL functionality.  
Despite the various functional aspects of HDL, most of the studies published so far 
focused on only one particular atheroprotective function of HDL. In chapter 6 it was 
chosen to evaluate three key anti-atherogenic properties of HDL in patients with an 
acute myocardial infarction compared to controls. The strength of measuring more than 
one HDL functionality in a single study is that differential effects of a specific medical 
condition or drug therapy can be detected. In my view, the additional information 
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provided by measuring multiple functional readouts for HDL may offer important clues 
regarding the relative importance of the individual functional properties of HDL in overall 
cardiovascular protection. 

9.3.5 HDL functionality biomarker
Considering the laborious nature and lack of standardization of the current HDL 
functionality assays, it will be challenging to implement HDL function in daily laboratory 
testing for cardiovascular risk. Preferably novel biomarkers are identified that are 
correlate well with the functional properties of HDL. These biomarkers should be reliable, 
quantifiable, and relatively easy to measure. Structural components of the HDL particle, 
such as lipids or proteins, could represent potential promising biomarker candidates for 
HDL functionality. Already some alterations in the composition of HDL have been linked 
to a decreased functionality of the particle. From the current research described in this 
thesis two potential novel HDL-associated protein biomarkers might be proposed, i.e. 
SAA and MPO. During acute inflammation the atheroprotective functions of HDL are 
compromised, and this might, at least in part, arise from a specific enrichment of HDL 
particles with acute phase proteins, such as SAA, and modification by MPO. Circulating 
levels of SAA and MPO are severely increased in patients admitted to the intensive care 
unit with acute sepsis, and this was associated with a reduced efflux potential of HDL 
(chapter 3). On the other hand, following recovery from sepsis, plasma concentrations 
of SAA and MPO normalized and the cholesterol efflux potential of HDL was restored. 
In chapter 6 increased plasma levels of MPO were identified as a potential unifying 
underlying mechanism for the functional impairment of HDL in patients with a myocardial 
infarction. Future studies should further explore the potential of SAA and specific MPO-
induced modifications on HDL to serve as possible biomarkers of HDL functionality. 

9.4 HDL functionality as a drug target

Despite the success of LDL-lowering therapies in reducing cardiovascular outcomes, a 
significant residual risk remains.63, 64 Raising HDL cholesterol levels has been considered 
an attractive therapeutic strategy to target this residual cardiovascular risk. However, 
the first large prospective, placebo-controlled clinical intervention trials with HDL-raising 
agents failed to show a benefit on cardiovascular outcomes.65-67 One question that has 
arisen is whether HDL particles derived through these HDL-raising therapies might be 
dysfunctional, though this has not been definitely proven yet. Enhancing the functionality 
of HDL rather than increasing its mass levels might be a more effective therapeutic 
strategy for ameliorating atherosclerosis. 
Initial findings from human studies indicate that the functional properties of HDL can 
be modulated by medical treatment. Statin therapy leads to significant improvements 
in the anti-inflammatory activity of HDL in patients with stable coronary heart disease 16 

and in patients with active rheumatoid arthritis.68 Moreover, short-term statin treatment 
beneficially affected the HDL anti-oxidative activity in healthy individuals with high 
baseline LDL cholesterol levels.18 However, another study showed that the cholesterol 
efflux capacity remained unaltered after treatment of hyperlipidemic subjects with 
pravastatin or atorvastatin.17 On the other hand, the antidiabetic compound pioglitazone 
seemed to have a positive impact on cholesterol efflux capacity in persons with the 
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metabolic syndrome.17 Another candidate with the therapeutic potential of improving 
HDL functionality is extended-release niacin. In a small, randomized, placebo-controlled 
study it has been demonstrated that extended-release niacin therapy is able to drastically 
improve or even restore the vasoprotective effects of HDL in patients with type 2 
diabetes mellitus.69 Recently, apoA-I mimetic peptides, small peptides that function 
similarly to endogenous apoA-I,70 also attracted interest as novel therapeutic agents to 
enhance HDL functionality. Ordinarily anti-inflammatory HDL becomes pro-inflammatory 
in patients with end-stage renal disease, while pre-incubation of plasma with the apoA-I 
mimetic peptide 4F reduced this pro-inflammatory activity of HDL in these patients.71 

Furthermore, the loss of a protective effect of HDL against inflammation in patients with 
type 2 diabetes mellitus was restored after ex vivo treatment of plasma with the apoA-I 
mimetic peptide L-4F.22 There are also data demonstrating that infusion of reconstituted 
HDL can enhance the anti-inflammatory and cholesterol efflux function of HDL in patients 
with type 2 diabetes mellitus.72 Nevertheless, more research in this area is needed before 
firm conclusions can be drawn, preferably using more standardized protocols for HDL 
functionality assessment.             

Concluding remarks 
Despite a number of studies addressing functional aspects of HDL, the importance of HDL 
functionality for cardiovascular risk is still largely unknown. The studies described in this 
thesis have provided novel insights into the factors regulating RCT from macrophages 
mediated by HDL. Additionally, the presented results reveal that patients with an acute 
coronary syndrome display features of impaired HDL anti-atherogenic properties, 
importantly independent of HDL cholesterol mass levels. Furthermore, a lower 
functionality of HDL in cholesterol efflux as well as anti-oxidative activity associated with 
a decreased pancreatic β-cell function in patients with type 2 diabetes mellitus. Although 
cholesterol efflux capacity, a key metric of HDL function, was not useful in predicting 
future cardiovascular or all-cause mortality in renal transplant recipients, it was an 
independent predictor of an atherosclerosis-related clinical outcome, namely long-term 
graft failure. Overall, these findings indicate that important information can be derived 
from measurements of HDL functionality over mere HDL cholesterol mass measurements. 
However, there is still a lack of uniformity of procedures for determination of HDL 
functionality across laboratories. As HDL functionality is an emerging topic of interest for 
both clinicians and researchers, there is an increased urgency to improve standardization 
of assays for HDL functionality. Finally, the question whether HDL functionality can predict 
future cardiovascular events or the development of diabetes in the general population 
remains unanswered. Large prospective cohort studies are therefore required to 
conclusively test a potential causal relationship between HDL functionality and disease. 
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Frequently used abbreviations
AAPH 2,2’-azobis-(2-amidinopropane) hydrochloride
ABC	 ATP-binding	cassette	transporter
ADA	 American	Diabetes	Association	 	
Apolipoprotein	 Apo
APP	 Acute	phase	protein
APR	 Acute	phase	response
BA Bile acid
BMI Body mass index
BSA Bovine serum albumin
BSEP	 Bile	salt	export	pump
BW	 Body	weight
CVD Cardiovascular disease
CE	 Cholesteryl	ester
CETP	 Cholesteryl	ester	transfer	protein
CI	 Confidence	interval
CK	 Creatine	kinase
CK-MB	 Creatine	kinase	myocardial	band
CRP	 C-reactive	protein
EL	 Endothelial	lipase
eNOS	 Endothelial	nitric	oxide	synthase
ESC	 European	Society	for	Cardiology
FBS	 Fetal	bovine	serum
FC	 Free	cholesterol
FCR	 Fractional	catabolic	rate
FPLC	 Fast	protein	liquid	chromatography
FXR	 Farnesoid	X	receptor
HDL	 High-density	lipoprotein
HDL-C	 High-density	lipoprotein	cholesterol
HL	 Hepatic	lipase
HMCGCR	 HMG-CoA	reductase
HOMA-IR	 Homeostasis	Model	Assessment	of	Insulin	Resistance
HR	 Hazard	ratio
ICU	 Intensive	care	unit
IFG	 Impaired	fasting	glucose
LCAT	 Lecithin:cholesterol	acyltransferase
LDL	 Low-density	lipoprotein
LDLR	 Low-density	lipoprotein	receptor
LPS Lipopolysaccharide
LPL	 Lipoprotein	lipase
Lp-PLA2	 Lipoprotein-associates	phospholipase	A2
LXR	 Liver	X	receptor
MDR2	 Multi-drug	resistance	P-glycogen	2
MPO Myeloperoxidase
MI		 Myocardial	infarction
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nCEH	 Neutral	cholesteryl	ester	hydrolase
NFG	 Normal	fasting	glucose
NF-κβ	 Nuclear	factor	NF-κβ
NO	 Nitric	oxide
Non-STEMI	 Non-ST-segment	elevation	myocardial	infarction
NPC2	 Niemann-Pick	C2
NPC1L1	 Niemann-Pick	C1-like	1
PBS	 Phosphate-buffered	saline
PLTP	 Phospholipid	transfer	protein
PMA	 Phorbol	myristate	acetate
PON1 Paraoxonase-1
PPAR	 Peroxisome	proliferator-activated	receptor
RCT	 Reverse	cholesterol	transport
RTR	 Renal	transplant	recipient
S1P	 Sphingosine-1-phosphate
SAA Serum amyloid A
sPLA2	 Group	IIA	secretory	phospholipase	A2
SR-BI	 Scavenger	receptor	class	B	type	I
SREPBP2	 Sterol	regulatory	binding	protein	protein	2
STEMI	 ST-segment	elevation	myocardial	infarction
T1DM	 Type	1	diabetes	mellitus
T2DM	 Type	2	diabetes	mellitus
TBARS	 Thiobarbituric	acid	reactive	substances
TG Triglycerides
TLR	 Toll-like	receptor
TNF-α	 Tumor	necrosis	factor-α
VCAM-1 Vascular cell adhesion molecule-1
VLDL	 Very	low-density	lipoprotein
WHO	 World	Health	Organization
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Summary
Low	 levels	 of	 plasma	 high-density	 lipoprotein	 (HDL)	 cholesterol	 are	 independently	
associated	with	an	increased	risk	of	atherosclerotic	cardiovascular	disease	(CVD).	Although	
the	mechanisms	by	which	HDL	protects	against	CVD	are	complex	and	multifactorial,	HDL-
mediated	removal	of	excess	cholesterol	from	lipid-laden	macrophage	cells	in	the	artery	
wall	is	generally	believed	to	be	the	primary	anti-atherogenic	action	of	HDL.	Cholesterol	
efflux	toward	HDL	is	the	initial	step	in	the	reverse	cholesterol	transport	(RCT)	pathway,	
which	involves	the	return	of	cholesterol	by	HDL	to	the	liver	for	final	excretion	into	bile	
and	feces.	Additional	functions	of	HDL	that	may	lead	to	protection	from	atherosclerosis	
include	(i)	anti-oxidative	properties,	typically	characterized	by	the	ability	of	HDL	to	inhibit	
the	pro-atherogenic	oxidative	modification	of	LDL	and	(ii)	anti-inflammatory	properties,	
such	 as	 its	 capacity	 to	 reduce	 cytokine-induced	 expression	 of	 adhesion	molecules	 on	
endothelial	cells.	On	the	other	hand,	several	studies	have	demonstrated	that	HDL	can	
lose	its	ability	to	counteract	the	development	of	atherosclerosis	in	certain	disease	states	
and	 may	 even	 become	 pro-atherogenic.	 Together	 with	 the	 inconsistent	 relationship	
between	plasma	HDL	cholesterol	 levels	and	CVD	on	the	 individual	 level	as	well	as	 the	
disappointing	results	of	recent	clinical	trials	with	HDL-raising	agents,	these	data	enforced	
the	 concept	 that	 the	 functional	quality	of	HDL	particles	may	be	more	 important	 than	
absolute	HDL	cholesterol	mass	levels.	However,	the	importance	of	HDL	functionality	for	
cardiovascular	 risk	 is	 still	 poorly	 investigated.	 Therefore,	 the	aim	of	 this	 thesis	was	 to	
provide	more	insight	into	the	importance	of	HDL	functionality	for	cardiovascular	risk.	
Chapter	 2	 of	 this	 thesis	 gives	 an	 overview	 of	 the	 animal	 studies	 published	 using	 an	
integrated	method	 for	measurement	 of	 RCT	 from	macrophages	 to	 feces	 in vivo.	New	
mechanistic	insights	and	knowledge	into	the	regulation	of	the	RCT	pathway	provided	by	
these	studies	are	summarized.	In	addition,	methodological	issues	and	the	relevance	of	
specific	pathways	for	RCT	are	addressed.	
In	chapter	3	the	impact	of	acute	inflammation	as	well	as	selected	acute	phase	response	
proteins,	which	have	been	established	to	regulate	HDL	metabolism,	on	the	macrophage-
specific	RCT	pathway	was	determined.	Plasma	and	HDL	of	patients	with	acute	sepsis	had	
a	 reduced	 ability	 to	mediate	 cholesterol	 efflux	 from	 lipid-laden	macrophages	 in vitro.	
Acute	 inflammation	 induced	by	a	single	 injection	of	 lipopolysaccharide	(LPS)	markedly	
impaired	the	movement	of	labeled-cholesterol	from	macrophages	into	the	feces	in	mice.	
Overexpression	of	mouse	serum	amyloid	A	through	adenoviral	gene	transfer	and	human	
myeloperoxidase	 injection	 in	mice	 resulted	 in	 significantly	 lower	macrophage-to-feces	
RCT	in	mice,	although	up-regulation	of	these	acute	phase	proteins	could	not	fully	explain	
the	impact	of	LPS-induced	inflammation	on	RCT.	Moreover,	expression	of	human	group	
IIA	secretory	phospholipase	A2	in	transgenic	mice	did	not	affect	RCT	from	macrophages	
in vivo.	Decreased	expression	of	the	main	hepatobiliary	transporters	on	both	the	RNA	
and	protein	level	in	mice	injected	with	LPS	suggested	that	a	reduced	biliary	secretion	of	
cholesterol	and	bile	acids	is	the	major	contributing	factor	to	diminished	RCT	during	acute	
inflammation.	
In	 chapter	4	an	alloxan-induced	 type	1	diabetic	mouse	model	was	used	 to	assess	 the	
effects	of	type	1	diabetes	mellitus	(T1DM)	on	hepatic	lipid	metabolism	and	in vivo	RCT.	
Type	1	diabetic	mice	had	increased	biliary	secretion	of	phospholipids,	cholesterol,	and	bile	
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acids.	Conversely,	the	recovery	of	macrophage-derived	label	in	the	feces	was	diminished	
in	mice	with	T1DM.	This	lower	rate	of	macrophage	RCT	was	not	due	to	changes	in	the	
cholesterol	efflux	capacity	of	glycated	HDL	from	diabetic	mice.	However,	in vitro and in 
vivo	 HDL	 kinetic	 experiments	 indicated	 that	 the	 selective	uptake	of	 cholesteryl	 esters	
from	HDL	into	the	liver	is	hampered	in	T1DM	mice,	and	this	may	represent	the	underlying	
basis	for	the	reduced	RCT	in	T1DM.	
In	 chapter	 5	 hepatic	 lipid	 metabolism	 and	 in vivo	 macrophage-to-feces	 RCT	 were	
studied	 in	mice	with	 hepatic	 overexpression	 of	 human	 apolipoprotein	 (apo)	 E	 to	 test	
the	 hypothesis	 that	 apoE	 protects	 against	 atherosclerosis	 by	 increasing	 RCT.	 ApoE	
overexpression	reduced	plasma	HDL	cholesterol	in	both	wild-type	and	human	cholesteryl	
ester	transfer	protein	transgenic	mice,	whereas	the	selective	uptake	of	HDL	cholesteryl	
esters	 into	 the	 liver	 was	 increased	 resulting	 in	 a	 higher	 hepatic	 cholesterol	 content.	
The	lowering	of	plasma	HDL	cholesterol	and	accumulation	of	cholesterol	in	the	liver	in	
response	to	apoE	overexpression	were	dependent	on	scavenger	receptor	class	B	type	I	
(SR-BI)	expression,	as	these	effects	of	hepatic	apoE	overexpression	were	not	observed	
in	 SR-BI	 knockout	 mice.	 Despite	 enhanced	 delivery	 of	 HDL	 cholesterol	 to	 the	 liver,	
mass	fecal	neutrol	sterol	excretion	and	macrophage	RCT	remained	unchanged	in	apoE-
overexpressing	mice.	However,	upon	pharmacological	inhibition	of	ATP-binding	cassette	
transporter	A1	(ABCA1)	with	probucol	fecal	excretion	of	neutral	sterols	as	well	as	overall	
RCT	from	macrophages	to	feces	were	significantly	stimulated	by	apoE	overexpression	in	
mice,	suggesting	that	liver-derived	apoE	not	only	promotes	hepatic	selective	uptake	but	
also	the	resecretion	of	RCT-relevant	cholesterol	via	hepatic	ABCA1	back	into	the	plasma	
compartment.	
The	 study	 described	 in	 chapter	 6	 investigated	 whether	 the	 functionality	 of	 HDL	 is	
altered	 in	patients	with	an	acute	myocardial	 infarction	compared	to	controls	matched	
for	age	and	HDL	cholesterol	levels.	Two	out	three	key	anti-atherogenic	functions	of	HDL	
tested,	i.e.	the	cholesterol	efflux	capacity	and	the	ability	to	inhibit	tumor	necrosis	factor	
α-induced	 expression	 of	 vascular	 cell	 adhesion	molecule-1	 on	 endothelial	 cells,	 were	
significantly	impaired	in	patients	with	a	severe	acute	myocardial	infarction	independent	
of	HDL	cholesterol	mass	levels.	Correlation	analyses	showed	that	the	impairment	in	HDL	
functionality	was	related	to	the	extent	of	the	myocardial	infarction.	Moreover,	generalized	
inflammation	as	measured	by	C-reactive	protein	plasma	levels	did	not	correlate	with	HDL	
functionality.	 However,	 higher	 plasma	 levels	 of	 myeloperoxidase	 were	 independently	
associated	with	a	 lower	cholesterol	efflux	and	anti-inflammatory	 functionality	of	HDL,	
suggesting	that	increased	myeloperoxidase	levels	might	represent	a	unifying	mechanism	
underlying	the	impaired	HDL	functionality	in	acute	myocardial	infarction	patients.			
In	 chapter	 7	 a	 potential	 relationship	 between	HDL	 functionality	 and	 pancreatic	 β-cell	
function	in	patients	with	type	2	diabetes	mellitus	(T2DM)	was	explored.	Pancreatic	β-cell	
function,	 as	 estimated	 by	 the	HOMA-β,	 correlated	 positively	with	 both	 the	HDL	 anti-
oxidative	capacity	(i.e.	the	ability	of	HDL	to	inhibit	oxidation	of	LDL)	and	cellular	cholesterol	
efflux	in	subjects	with	established	T2DM,	but	not	in	subjects	with	normal	fasting	glucose	
or	 impaired	 fasting	 glucose.	 These	 data	 indicate	 that	 better	 HDL	 functionality	 might	
contribute	to	the	maintenance	of	pancreatic	β-cell	function	in	patients	with	T2DM.				
The	cross-sectional	design	of	the	studies	in	chapter	6	and	7	does	not	allow	establishing	
cause-effect	 relationships,	 and	 currently	 no	 prospective	 studies	 have	 been	 published	
regarding	HDL	functionality.	Therefore,	in	chapter	8	it	has	been	determined	whether	HDL	
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cholesterol	 efflux	 would	 be	 associated	 with	 future	 cardiovascular	 mortality,	 all-cause	
mortality,	and	graft	failure	in	renal	transplant	recipients,	a	patient	group	with	accelerated	
atherosclerosis	formation.	Baseline	cholesterol	efflux	capacity	was	not	associated	with	
cardiovascular	mortality	and	all-cause	mortality	in	renal	transplant	recipients.	However,	
HDL	 efflux	 function	was	 a	 significant	 independent	 predictor	 of	 long-term	 graft	 failure	
after	kidney	transplantation,	a	condition	which	has	been	pathophysiologically	linked	to	
intra-graft	atherosclerosis.	These	findings	provide	novel	insights	into	the	prognostic	value	
of	assessing	HDL	functionality.				
Overall,	 important	 information	 can	 be	 derived	 from	 measures	 of	 HDL	 functionality	
over	mere	HDL	cholesterol	mass	levels.	However,	there	is	still	an	urgent	need	for	large	
prospective	 studies	 exploring	 whether	 HDL	 functionality	 can	 predict	 disease	 in	 the	
general	population.
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Nederlandse samenvatting
Lage	 plasma	 concentraties	 van	 HDL	 cholesterol	 zijn	 onafhankelijk	 geassocieerd	 met	
een	verhoogd	risico	op	hart-	en	vaatziekten.	Alhoewel	het	mechanisme	waardoor	HDL	
beschermt	tegen	hart-	en	vaatziekten	complex	 is	en	vele	 factoren	kent,	wordt	er	over	
het	algemeen	aangenomen	dat	de	primaire	beschermende	werking	van	HDL	berust	op	
het	 verwijderen	 van	 overmatig	 cholesterol	 uit	met	 lipiden	 geladen	macrofagen	 in	 de	
vaatwand.	Cholesterol	efflux	naar	HDL	is	de	eerste	stap	in	de	reverse	cholesterol	transport	
(RCT)	route.	Hierbij	transporteert	HDL	cholesterol	terug	naar	de	lever,	waar	de	cholesterol	
uiteindelijk	wordt	uitgescheiden	in	de	gal	en	faeces.	Andere	functies	van	HDL,	die	kunnen	
leiden	tot	bescherming	tegen	hart-	en	vaatziekten,	zijn	(i)	anti-oxidatieve	eigenschappen,	
voornamelijk	gekenmerkd	door	het	vermogen	van	HDL	om	de	pro-atherogene	oxidatieve	
verandering	 van	 LDL	 te	 remmen	 en	 (ii)	 anti-inflammatoire	 eigenschappen,	 zoals	 het	
vermogen	van	HDL	om	door	cytokines	geїnduceerde	expressie	van	adhesie	moleculen	
op	endotheel	cellen	te	verminderen.	Anderzijds	hebben	meerdere	studies	aangetoond	
dat	HDL	zijn	vermogen	om	te	beschermen	tegen	hart-	en	vaatziekten	kan	verliezen	en	
zelfs	 pro-atherogeen	 kan	worden.	 Tevens	 is	 de	 relatie	 tussen	 plasma	HDL	 cholesterol	
concentraties	en	hart-	en	vaatziekten	tegenstrijdig	wanneer	men	kijkt	op	een	individueel	
niveau	en	laten	recente	klinische	trails	met	HDL	verhogende	medicatie	terleurstellende	
resultaten	zien	met	betrekking	tot	de	ontwikkeling	van	hart-	en	vaatziekten.	Deze	data	
hebben	 er	 toe	 geleid	 dat	men	 nu	 aanneemt	 dat	 de	 functionele	 kwaliteit	 van	 de	HDL	
deeltjes	mogelijk	belangrijker	is	dan	de	absolute	hoeveelheid	HDL	cholesterol	aanwezig	
in	het	bloed.	Desalniettemin	is	het	belang	van	HDL	functionaliteit	voor	het	risico	op	hart-	
en	vaatziekten	nog	steeds	niet	goed	onderzocht.	Daarom	was	het	doel	van	dit	proefschrift	
om	meer	inzicht	te	krijgen	in	het	belang	van	HDL	functionaliteit	voor	het	risico	op	hart-	en	
vaatziekten.
Hoofdstuk	2	van	dit	proefschrift	geeft	een	overzicht	van	de	gepubliceerde	dierstudies,	
die	gebruik	maken	van	een	geїntrigeerde	methode	om	RCT	van	macrofagen	naar	faeces	
in vivo	 te	meten.	 Er	wordt	 een	 samenvatting	 gegeven	 van	 de	 nieuwe	mechanistische	
inzichten	en	kennis	ten	aanzien	van	de	regulatie	van	de	RCT	route,	die	door	deze	studies	
zijn	 verkregen.	 Daarnaast	 worden	 de	 problemen	 ten	 aanzien	 van	 de	methode	 en	 de	
relevantie	van	specifieke	routes	voor	RCT	besproken.	
In	hoofdstuk	3	is	de	invloed	van	acute	inflammatie	en	geselecteerde	acute	fase	eiwitten,	
waarvan	bekend	is	dat	ze	HDL	metabolisme	reguleren,	op	de	macrofaag-specifieke	RCT	
route	bepaald.	Plasma	en	HDL	van	patiënten	met	acute	sepsis	had	in vitro een verminderd 
vermogen	 om	 cholesterol	 efflux	 uit	 met	 lipiden	 geladen	 macrofagen	 te	 mediëren.	
Acute	 inflammatie	geїnduceerd	door	 een	enkele	 injectie	met	 lipopolysaccharide	 (LPS)	
verminderde	sterk	het	transport	van	gelabeld	cholesterol	van	macrofagen	naar	de	faeces	
in	muizen.	Overexpressie	van	muis	serum	amyloid	A	door	middel	van	gen	transfer	met	
een	 adenovirus	 en	 injectie	 met	 humaan	 myeloperoxidase	 in	 muizen	 resulteerde	 in	
significant	 lager	macrofaag-naar-faeces	RCT	 in	muizen,	 alhoewel	 upregulatie	 van	deze	
acute	 fase	eiwitten	niet	volledig	de	 invloed	van	LPS-geїnduceerde	 inflammatie	op	RCT	
kon	verklaren.	Bovendien	had	expressie	van	humaan	group	IIA	secretory	phospholipase	
A2	in	transgene	muizen	geen	effect	op	RCT	van	macrofagen	in vivo.	Verminderde	expressie	
van	de	belangrijkste	hepatobiliaire	transporters	op	zowel	RNA	als	eiwit	niveau	in	muizen	
geїnjecteerd	met	 LPS	 suggereerde	 dat	 een	 gereduceerde	 secretie	 van	 cholesterol	 en	
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galzouten	in	de	gal	de	belangrijkste	factor	 is,	die	bijdraagt	aan	verminderd	RCT	tijdens	
acute	inflammatie.	
In	 hoofdstuk	 4	 is	 een	 alloxan-geїnduceerd	 muismodel	 van	 type	 1	 diabetes	 mellitus	
(T1DM)	gebruikt	om	de	effecten	van	T1DM	op	lipide	metabolisme	in	de	lever	en	in vivo 
RCT	te	onderzoeken.	Muizen	met	T1DM	hadden	een	verhoogde	secretie	van	fosfolipiden,	
cholesterol	 en	 galzouten	 in	 de	 gal.	 Daarentegen	was	 de	 hoeveelheid	 van	macrofagen	
afkomstig	label	verminderd	in	de	faeces	van	muizen	met	T1DM.	Deze	lagere	mate	van	
RCT	kon	niet	worden	verklaard	door	veranderingen	in	de	cholesterol	efflux	capaciteit	van	
geglycosyleerd	HDL	afkomstig	van	muizen	met	diabetes.	Echter,	 in vitro en in vivo HDL 
kinetiek	experimenten	duiden	op	een	belemmerde	selectieve	opname	van	cholesteryl	
esters	uit	HDL	in	de	lever	van	muizen	met	T1DM.	Dit	zou	de	onderliggende	basis	kunnen	
vormen	voor	het	verminderde	RCT	in	T1DM.	
In	hoofdstuk	5	werden	het	 lipide	metabolisme	 in	de	 lever	en	 in vivo	macrofaag-naar-
faeces	RCT	bestudeerd	in	muizen,	die	humaan	apolipoproteїne	(apo)	E	tot	overexpressie	
brengen	in	de	lever,	om	de	hypothese	te	testen	dat	apoE	beschermt	tegen	atherosclerose	
door	stimulatie	van	RCT.	ApoE	overexpressie	verminderde	plasma	HDL	cholesterol	zowel	
in	wild-type	muizen	als	in	humaan	cholesteryl	ester	transfer	protein	transgene	muizen.	
Daarentegen	 nam	 de	 selectieve	 opname	 van	 HDL	 cholesteryl	 esters	 in	 de	 lever	 toe,	
wat	 resulteerde	 in	 een	 hogere	 hoeveelheid	 cholesterol	 in	 de	 lever.	 De	 vermindering	
van	plasma	HDL	cholesterol	en	ophoping	van	cholesterol	in	de	lever	in	reactie	op	apoE	
overexpressie	waren	afhankelijk	van	scavenger	receptor	class	B	type	I	(SR-BI)	expressie,	
aangezien	deze	effecten	van	overexpressie	van	apoE	in	de	lever	niet	werden	waargenomen	
in	SR-BI	knockout	muizen.	Ondanks	een	verhoogde	toevoer	van	HDL	cholesterol	naar	de	
lever,	veranderde	de	massa	uitscheiding	van	neutrale	sterolen	in	de	faeces	en	macrofaag	
RCT	niet	in	muizen,	die	apoE	tot	overexpressie	brengen.	Echter,	wanneer	de	ATP-binding	
cassette	transporter	A1	(ABCA1)	werd	geremd	met	behulp	van	probucol	stimuleerde	apoE	
overexpressie	in	muizen	zowel	de	uitscheiding	van	neutrale	sterolen	in	de	faeces	als	RCT	
van	macrofagen	naar	faeces.	Dit	duidt	erop	dat	apoE	afkomstig	van	de	lever	niet	alleen	
de	selectieve	opname	van	cholesterol	in	de	lever	bevorderd,	maar	ook	de	heruitscheiding	
van	voor	RCT	relevant	cholesterol	via	ABCA1	in	de	lever	terug	naar	het	bloed.	
De	studie	beschreven	in	hoofdstuk	6	onderzocht	of	de	functionaliteit	van	HDL	veranderd	
is	in	patiënten	met	een	acuut	hartinfarct	vergeleken	met	controles,	die	waren	gematcht	
voor	leeftijd	en	plasma	HDL	cholesterol	concentraties.	Twee	van	de	drie	beschermende	
functies	 van	 HDL,	 die	 werden	 getest,	 waren	 significant	 aangetast	 in	 patiënten	 met	
een	ernstig	 acuut	 hartinfarct	 onafhankelijk	 van	plasma	HDL	 cholesterol	 concentraties,	
namelijk	het	vermogen	om	cholesterol	efflux	te	mediëren	en	het	vermogen	om	tumor	
necrosis	 factor	 α-geїnduceerde	 expressie	 van	 vascular	 cell	 adhesion	 molecule-1	 op	
endotheel	cellen	te	remmen.	Correlatie	analyses	toonden	aan	dat	de	verslechtering	van	
HDL	 functionaliteit	 gerelateerd	was	 aan	 de	 omvang	 van	 het	 hartinfarct.	 Daarenboven	
was	systemische	inflammatie	gemeten	als	plasma	C-reactive	protein	concentraties	niet	
gecorreleerd	met	HDL	functionaliteit.	Echter,	hogere	plasma	waardes	van	myeloperoxidase	
waren	onafhankelijk	geassocieerd	met	een	lagere	cholesterol	efflux	en	anti-inflammatoire	
functionaliteit	van	HDL,	wat	suggereert	dat	verhoogde	myeloperoxidase	concentraties	een	
onderliggend	mechanisme	zou	kunnen	vormen	voor	de	verminderde	HDL	functionaliteit	
in	patiënten	met	een	acuut	hartinfarct.	
In	hoofdstuk	7	is	onderzocht	of	er	mogelijk	een	relatie	bestaat	tussen	HDL	functionaliteit	
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en	de	functie	van	betacellen	in	de	alvleesklier	in	patiënten	met	type	2	diabetes	mellitus	
(T2DM).	 De	 functie	 van	 betacellen	 in	 de	 alvleesklier,	 zoals	 geschat	 door	 de	HOMA-β,	
was	positief	 gecorreleerd	met	 zowel	 de	 anti-oxidatieve	 capaciteit	 van	HDL	 (dat	 is	 het	
vermogen	van	HDL	om	oxidatie	van	LDL	te	remmen)	als	cholesterol	efflux	uit	cellen	in	
T2DM	patiënten,	maar	 niet	 in	 personen	met	 normale	 glucose	waardes	 of	 verstoorde	
glucose	waardes.	Deze	data	wijzen	erop	dat	een	betere	functionaliteit	van	HDL	bij	zou	
kunnen	dragen	aan	het	behoud	van	de	functie	van	betacellen	in	patiënten	met	T2DM.
De	cross-sectionele	opzet	van	de	studies	 in	hoofdstuk	6	en	7	maakt	het	niet	mogelijk	
conclusies	 te	 trekken	 over	 oorzaak	 en	 gevolg	 en	 op	 dit	 moment	 zijn	 er	 nog	 geen	
prospectieve	studies	gepubliceerd	met	betrekking	tot	HDL	functionaliteit.	Daarom,	is	er	in	
hoofdstuk	8	bepaald	of	HDL	cholesterol	efflux	mogelijk	geassocieerd	is	met	toekomstige	
sterfte	door	hart-	en	vaatziekten,	sterfte	door	alle	oorzaken	en	falen	van	het	transplantaat	
in	 niertransplantatiepatiënten,	 een	 patiëntengroep	 met	 een	 versnelde	 ontwikkeling	
van	hart-	en	vaatziekten.	Baseline	cholesterol	efflux	was	niet	geassocieerd	met	sterfte	
door	hart-	en	vaatziekten	en	sterfte	door	alle	oorzaken	in	niertransplantatiepatiënten.	
Echter,	 HDL	 efflux	 functie	 was	 een	 significant	 onafhankelijke	 voorspeller	 voor	 falen	
van	het	 transplantaat	op	de	 lange	 termijn	na	een	niertransplantatie,	een	conditie	die	
pathofysiologisch	 is	gelinkt	aan	atherosclerose	 in	het	 transplantaat.	Deze	bevindingen	
verschaffen	nieuwe	inzichten	in	de	voorspellende	waarde	van	HDL	functionaliteit.
Alles	samen	genomen	kan	er	belangrijke	informatie	worden	verkregen	uit	het	meten	van	
HDL	functionaliteit	meer	dan	uit	alleen	HDL	cholesterol	concentraties.	Echter,	er	is	nog	
steeds	een	dringende	noodzaak	voor	grote	prospectieve	studies,	die	onderzoeken	of	HDL	
functionaliteit	ziekte	kan	voorspellen	in	de	algemene	bevolking.	
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in	2005,	she	started	a	Master	degree	in	Biomedical	Sciences	at	the	Radboud	University	
in	Nijmegen.	As	an	undergraduate	student	she	worked	in	the	department	of	Anatomy	of	
the	same	university	under	the	supervision	of	dr.	Jan	Veening	and	dr.	Jan	van	Egmond	on	
changes	in	neuropeptide	expression	in	dorsal	root	ganglia	and	lumbar	spinal	cord	in	the	
iodoacetate-induced	rat	model	of	osteoarthritis	and	the	effects	of	capsaicin.	A	second	
internship	was	performed	at	the	Laboratory	for	Health	Protection	Research	of	the	Na-
tional	Institute	for	Public	Health	and	the	Environment	(RIVM)	in	Bilthoven.	This	internship	
resulted	in	an	authorship	on	the	paper	“In	vitro	developmental	toxicity	test	detects	inhi-
bition	of	stem	cell	differentiation	by	silica	nanoparticles”	published	in	Toxicology	and	Ap-
plied	Pharmacology	(Oct	2009;240(1):108-16).	In	2008,	she	received	her	Master	degree	
with honour.	The	same	year,	she	started	as	a	PhD	student	in	the	department	of	Pediatrics	
at	the	University	Medical	Center	Groningen.	Under	the	supervision	of	prof.	dr.	Uwe	J.F.	
Tietge	she	spend	4.5	year	studying	lipid	metabolism	and	macrophage-to-feces	in vivo re-
verse	cholesterol	transport	in	different	mouse	models	as	well	as	high-density	lipoprotein	
functionality	in	patient	studies.	Currently,	she	is	working	as	a	postdoctoral	researcher	in	
the	Institute	of	Clinical	Chemistry	at	the	University	Hospital	Zürich,	where	under	the	su-
pervision	of	prof.	dr.	Arnold	von	Eckardstein	and	dr.	Lucia	Rorher	she	is	investigating	the	
mechanisms	of	high-density	lipoprotein-mediated	pancreatic	beta	cell	protection.						
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Dankwoord
Het	is	dan	eindelijk	zover!	Op	17	juni	2013	ga	ik	mijn	proefschrift	verdedigingen.	Maar	
natuurlijk	had	dit	proefschrift	nooit	tot	stand	kunnen	komen	zonder	de	hulp	van	bepaal-
de	mensen.	Daarom	wil	ik	hierbij	deze	mensen	graag	bedanken	(ook	de	mensen	die	ik	
hieronder	misschien	niet	bij	naam	noem).		

First	of	all,	I	would	like	to	thank	my	PhD	supervisor	Uwe	Tietge.	You	were	a	great	inspi-
ration	 throughout	my	PhD.	 You	 always	 had	 great	 ideas	 for	 new	experiments	 and	 you	
pushed	me	to	my	limits.	I	would	not	have	been	able	to	achieve	the	things	I	did	if	it	was	not	
for	you.	You	really	motivated	me	to	become	a	good	PhD	student.	I	will	miss	our	inspiring	
conversations	late	in	the	afternoon	or	evening	when	everyone	else	already	went	home.	
Also	thank	you	for	helping	me	to	find	a	postdoc	position	abroad.	

Ook	een	woord	van	dank	voor	Bert	Groen.	Jouw	vragen	tijdens	mijn	presentaties	op	de	
afdeling,	dwongen	mij	kritisch	na	te	denken	over	mijn	onderzoek	en	dit	is	een	belangrijk	
uitgangspunt	voor	een	PhD	student.	Verder	bedankt	voor	je	steun	bij	mijn	subsidieaan-
vragen.

Geen	van	de	hoofdstukken	in	dit	proefschrift	had	bestaan	zonder	de	hulp	van	mijn	col-
lega’s	Jan	Freark,	Arne	en	Niels.	Het	was	altijd	een	plezier	met	jullie	samen	te	werken.	
Daarnaast	waren	onze	rondreizen	samen	door	Amerika	geweldig.	Bedankt	voor	alles	:)!			

Natuurlijk	was	 dit	 proefschrift	 nooit	 op	 jullie	 bureau	 beland	 zonder	 de	 hulp	 van	mijn	
paranimfen	Maurien	en	Karen.	Jullie	hebben	mij	uit	mijn	sociale	isolement	gehaald	en	
ervoor	gezorgd	dat	ik	weer	dingen	ging	doen	naast	mijn	werk.	Dankzij	jullie	(en	natuurlijk	
alle	andere	mensen	die	hieraan	hebben	bijgedragen),	 is	mijn	dertigste	verjaardag	een	
speciale	dag	geworden.	Ik	ben	dan	ook	blij	dat	jullie	tijdens	mijn	promotie	naast	mij	wil-
len	staan.	Ontzettend	bedankt	hiervoor.	

Mijn	 (oud)kamergenootjes	Arne,	Karen,	Maurien,	Gijs,	Henk,	Lidia,	Niels,	Margot,	Ma-
aike,	Ester	en	Jaana	heel	erg	bedankt	voor	alle	steun,	het	meedenken,	de	goede	tips	en	
niettemin	voor	de	onvergetelijke	jaren.	Met	heel	veel	plezier	denk	ik	terug	aan	mijn	tijd	
in	Groningen	en	aan	onze	kameravonden.	

Gemma,	Jurgen,	Janine,	Tim,	Shodan,	Nienke,	Andrea,	Marije,	Marleen,	Marcela,	Brenda,	
Weilin,	Marleen,	Mathijs,	Nicoliene,	Carolien,	Vera	en	Fiona	bedankt	voor	een	geweldige	
tijd.					

Alle	aio’s	en	postdocs	met	wie	ik	mijn	PhD	traject	ben	begonnen,	maar	die	nu	allemaal	in-
middels	ergens	anders	werken,	bedankt	voor	alle	jaren	waarin	we	hebben	samengewerkt:	
Mariette,	Anke,	Annelies,	Sabina,	Hilde	Herrema,	Aldo,	Willemien,	Marjan,	Jelena,	Maxi,	
Marijke,	Frans,	Agnes,	Elodie,	Anniek	en	Jurre.	

Alle	PI’s	van	de	afdeling	kindergeneeskunde	bedankt	voor	jullie	waardevolle	input	tijdens	
mijn	presentaties:	Folkert	Kuipers,	Dirk	Jan	Reijngoud,	Barbara	Bakker,	Hans	Jonker,	Tor-
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sten	Plösch	en	Henkjan	Verkade.

Hilde	Rozema	bedankt	 voor	 alle	 hulp	 bij	 het	 regelen	 van	 ruimtes,	 het	 regelen	 van	de	
seminar	van	Arnold	von	Eckardstein,	het	schrijven	van	mijn	uren	en	de	declaraties	van	
mijn	binnenlandse	en	buitenlandse	reizen.	Het	was	altijd	gezellig	even	een	praatje	bij	jou	
en	Gea	te	komen	maken.					

Danny	en	Wytse	bedankt	voor	alle	praktische	hulp	tijdens	mijn	experimenten.	Daarnaast	
ook	alle	andere	analisten	van	het	lab	Kindergeneeskunde	bedankt	voor	de	leuke	jaren:	
Henk,	Aycha,	Vincent,	Renze,	Trynie,	Theo,	Niels,	Dicky,	Frans,	Angelika,	Juul	en	Rick.

Hartelijk	dank	aan	het	Metabole	lab.	Albert	bedankt	voor	het	helpen	met	de	poging	om	
een	methode	op	te	zetten	om	S1P	te	kunnen	meten.	

Alle	mensen	van	het	 radionucliden	 lab	bedankt:	 Jan	Koerts,	 Frank,	 Janna,	Sicco	en	de	
rest.	Mijn	monsters	werden	altijd	nauwkeurig	gemeten	en	de	resultaten	lagen	altijd	snel	
klaar.	Frank	Perton	bedankt	voor	je	hulp	bij	mijn	twee	enorme	series	monsters.	Jij	zorgde	
ervoor	dat	alle	resultaten	kloppend	waren	en	dat	al	mijn	telpotjes	in	de	juiste	volgorde	
bleven	staan.	

Een	speciaal	woord	van	dank	voor	Azuwerus	van	Buiten.	Bedankt	dat	je	me	hebt	geleerd	
met	de	small	vessel	myograph	te	werken	en	voor	alle	hulp	bij	mijn	experimenten	op	de	
afdeling	Klinische	Farmacologie.			

Ik	wil	ook	graag	alle	mensen	van	MDL	bedanken:	Tjasso,	Manon,	Haukelien,	Janette,	Bo-
jana,	Melchior,	Golnar,	Krysztof,	Esther,	Floris,	Mark,	Anouk	(en	Niek),	Marjolein,	Shiva,	
Jackey,	Atta,	Klaas	Nico	en	Han.

Het	personeel	van	het	CDP	bedankt	voor	de	goede	zorg	voor	mijn	muisjes.	Zonder	jullie	
was	het	niet	mogelijk	geweest	al	mijn	dierexperimenten	uit	voeren.

Alle	mensen	in	project	A1004	van	TIFN	bedankt	voor	de	plezierige	samenwerking	en	nut-
tige	bijeenkomsten:	Jolanda	van	Golde,	Wim	Saris,	Gopi,	Peter	Heeringa,	Casper	Schalk-
wijk,	Bart	van	Bussel,	Lydia	Afman,	Diederik	van	Essen	en	alle	anderen.	

Thanks	to	my	new	supervisors	Arnold	von	Eckardstein	and	Lucia	Rohrer.	I	am	really	happy	
that	you	give	me	the	opportunity	to	develop	myself	as	a	researcher	in	your	lab.

I	would	 also	 like	 to	 thank	my	new	colleagues	Rahel,	 Reda,	Damir,	Vidya,	 Jérôme,	 and	
Silvija.	Although	I	am	not	around	for	that	long,	I	really	enjoy	working	with	you.	I	hope	we	
will	precede	working	together	for	a	lot	longer.				

Bedankt	heit	en	mem	voor	alle	steun	de	laatste	jaren.	Ik	weet	dat	ik	niet	altijd	de	perfecte	
dochter	ben	geweest	en	niet	altijd	even	aardig	was,	maar	ondanks	alles	hebben	jullie	mij	
altijd	bij	al	mijn	keuzes	in	mijn	leven	gesteund.	Zonder	jullie	was	dit	alles	niet	mogelijk	ge-
weest.	Keer	op	keer	stonden	jullie	voor	mij	klaar	om	mij	te	helpen	met	verhuizen	en	jullie	
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hebben	zelfs	toen	ik	in	Schotland	woonde	een	kamer	voor	gezocht	in	Nijmegen.	Ook	al	
begrepen	jullie	soms	niet	helemaal	wat	ik	aan	het	doen	was,	jullie	waren	altijd	bereid	te	
luisteren.	Als	dank	voor	dit	alles	wil	dit	proefschrift	daarom	speciaal	aan	jullie	opdragen.			

Lieve	Neel	bedankt	voor	alle	uren	die	jij	kwijtgeraakt	bent	doordat	je	naar	mijn	verhalen	
moest	luisteren.	Je	was	altijd	bereid	mij	input	en	je	mening	te	geven.	Een	weekend	bij	jou	
in	Utrecht	was	altijd	heel	gezellig	en	ik	was	altijd	blij	als	je	even	tijd	vond	om	langs	te	ko-
men	in	Groningen.	Onze	vakantie	samen	in	Marokko	was	onvergetelijk.	Je	bent	de	beste	
zus	die	iemand	zich	maar	kan	wensen.	Ik	wens	jou	(en	Taede,	die	ik	hierbij	natuurlijk	ook	
wil	bedanken)	alle	geluk	toe.		

Dear	Henrik.	Since	I	met	you	in	Australia,	my	life	has	changed	completely.	You	are	the	
kindest,	warmest,	caring,	and	most	loving	person	I	have	ever	known	in	my	life.	You	are	
always	willing	to	listen	to	me.	Being	with	you	makes	me	feel	so	happy.	There	is	never	a	
moment	I	regret	moving	to	Zürich.	I	am	looking	forward	to	what	the	future	will	bring	us.	

Kortom	iedereen	super	bedankt!	Ik	wens	jullie	allemaal	alle	goeds	voor	de	toekomst.

Liefs,
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