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Cardiovascular diseases 

Cardiovascular diseases (CVD) represent the leading cause of death worldwide and 

31% of all global deaths are attributed to CVD [1]. CVD is defined by several diseases 

of the heart and blood vessels, and involve several disorders, including coronary 

heart disease (CHD), peripheral arterial disease and cerebrovascular disease. One of 

the underlying causes of CHD is atherosclerosis, which is actually a chronic 

inflammation of the arterial vascular wall, resulting in the recruitment of 

macrophages and lymphocytes and finally in the formation of a plaque. The plaque 

causes narrowing of the arterial lumen, obstructing partially or totally the blood flow 

to the heart or brain. An immediate cause of CHD is the rupture of such an 

atherosclerotic plaque (Figure 1) [2].  

 

 

Figure 1: Development of atherosclerosis.  

The first step in the development of atherosclerosis is the formation of fatty streaks, consisting of lipid-containing 

foam cells. These cells can then evolve into a “vulnerable” atherosclerotic plaque or remain stable. Eventually, the 

accumulation of a large amount of lipids and the formation of a thin fibrous cap can lead to the rupture of the 

atherosclerotic plaque, thereby causing thrombosis and myocardial infraction or stroke. The figure was produced 

using Servier Medical Art (http://smart.servier.com/). 
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Many factors influence the risk to develop atherosclerosis, such as a lack of physical 

activity, cigarette smoking, an increased blood pressure, obesity, and type II 

diabetes. Moreover, an abnormal lipoprotein profile, also called dyslipidemia, 

characterized by a high level of low-density lipoprotein cholesterol (LDL-C) and a 

low level of high-density lipoprotein cholesterol (HDL-C), represents another 

important risk factor for atherosclerosis [3]. Lowering LDL-C concentrations is a 

proven target for interventions, and the most widely used drugs to lower serum 

LDL-C concentrations are statins [4, 5]. By inhibiting the rate-limiting enzyme in 

cholesterol biosynthesis, HMG-CoA reductase, statins are highly effective in 

lowering the cholesterol production in the liver, leading to a reduction in LDL-C 

concentration due to an upregulation of the LDL-receptor (LDR-R) [6]. Although 

statins are associated with a reduced risk to develop CVD, many statin-treated 

patients fail to reach the desired LDL-C concentrations, which consequently lead to 

a lower protection against cardiovascular events [7]. Recently, a novel approach 

using monoclonal antibodies against PCSK9 (Proprotein convertase subtilisin/kexin 

type 9) has been developed. Inhibition of PCSK9 has been shown to increase the 

number of LDL-R on hepatocytes and to reduce LDL-C concentrations [8]. Recent 

data suggest that, when added to statin therapy, the inhibition of PCSK9 is 

associated with a further reduction in cardiovascular events on top of the effect of 

statins alone [9]. Moreover, although an inverse relationship between serum HDL-

C concentrations and CVD risk has been found in several epidemiological studies 

[10, 11], raising HDL-C levels failed to reduce CVD risk [12]. In this context, it 

appears essential to discover new strategies to efficiently reduce CVD risk via the 

HDL axis. An attractive strategy is increasing HDL functionality, rather than simply 

HDL-C concentrations [13].  

 

Lipoprotein metabolism  

Because cholesterol is insoluble in water, it has to be incorporated into lipoproteins 

in order to be transported throughout the body via the bloodstream. Lipoproteins 

are classified according their density. They are made of a central core containing 

cholesteryl esters (CE) and triacylglycerols (TAG), surrounded by free cholesterol, 

phospholipids, and apolipoproteins (Figure 2) [14].  
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Figure 2: Lipoproteins classification and general composition.  

VLDL: Very low-density lipoproteins; IDL: Intermediate-density lipoproteins; LDL: Low- density lipoproteins; 

HDL: High-density lipoproteins. The figure was retrieved from Servier Medical Art (http://smart.servier.com/). 

 

The first step in lipoprotein metabolism, called the exogenous pathway, consists of 

the absorption of dietary lipids in the intestine, followed by their incorporation into 

chylomicrons. The TAGs present in chylomicrons are subsequently hydrolyzed by 

lipoprotein lipase (LPL) to form chylomicron remnants, which are taken up by the 

liver. The second step, the endogenous pathway, begins with the formation of very 

low-density lipoproteins (VLDL) in the liver. Via the activity of the LPL, TAGs 

present in VLDL are hydrolyzed to form intermediate-density lipoproteins (IDL) 

and finally LDL, which are taken up by various organs by binding to the LDL-R. The 

final step, i.e. the reverse cholesterol transport pathway (RCT), allows the transfer of 

free cholesterol from peripheral tissues to discoidal lipid-poor apolipoprotein A-I 

(apoA-I), i.e. preβ-1 HDL. Free cholesterol is then esterified within the HDL particle 

by lecithin:cholesterol acyltransferase (LCAT) to form mature HDL particles rich in 

CE. As such, HDLs are involved in the transport of cholesterol from peripheral 

tissues back to the liver, where CE binds to the scavenger receptor class B member I 
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receptor (SR-BI). In the liver, CE are hydrolyzed and can be directly excreted as free 

cholesterol into the bile, or converted into bile acids by the cholesterol 7alpha-

hydroxylase (CYP7A1) and then excreted from the body. CE can also follow an 

alternative pathway and be exchanged for TAG from HDLs to apoB100-containing 

lipoproteins (VLDLs, IDLs and LDLs), via the activity of the plasma glycoprotein 

called cholesteryl ester transfer protein (CETP) (Figure 3) [14, 15]. In this thesis we 

will focus on determinants of HDL functionality. 

 

 

Figure 3: Lipoproteins metabolism.  

LPL: Lipoprotein lipase; CE: Cholesteryl ester; TAG: Triacylglycerol; CETP: cholesteryl ester transfer protein; 

LCAT: Lecithin:cholesterol acyltransferase; SR-BI: Scavenger receptor class B member I; CYP7A1: Cholesterol 

7alpha-hydroxylase. VLDL: Very low-density lipoproteins; IDL: Intermediate-density lipoproteins; LDL: Low-

density lipoproteins; HDL: High-density lipoproteins. The figure was produced using Servier Medical Art 

(http://smart.servier.com/). 
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HDL particles characteristics  

HDL are the densest lipoproteins and consist of different particle subpopulations, 

which are heterogeneous in structure, density, size, composition, and biological 

activity [16].  

 

Size 

HDL particles are synthesized as small, lipid-poor, discoid particles, called preβ-1 

HDL, which are rich in unesterified cholesterol [17]. Free cholesterol present in these 

discoidal HDL particles is converted into CE. Because CE is stored into HDL 

particles’ core, this leads to the formation of bigger and spherical particles. The 

LCAT enzyme esterifies cholesterol and together with the phospholipid transfer 

protein (PLTP), larger HDL3 and finally mature HDL2 particles are formed, rich in 

CE, which account for the major proportion of HDLs in plasma [18].  

 

Composition 

Approximately half of the total HDL mass is due to its lipids content, with 

phospholipids accounting for 40–60% of the total lipids, followed by CE (30–40%), 

TAG (5–12%), and free cholesterol (5–10%) [19]. The other half consists of proteins. 

ApoA-I is the main apolipoprotein of HDL and accounts for 70% of the total protein 

content. The atheroprotective properties of HDL are mainly attributed to apoA-I 

[20]. HDL also contains a variety of other proteins, such as apoA-II, apoA-IV, apo C-

I, apo C-II, apo C-III, apoD, apoE, apoJ, apo L-I, apoM, serum amyloid A (SAA) 

proteins, ceruloplasmin, transferrin, and enzymes including LCAT, PON1, and 

PAF-AH/Lp-PLA2 [21, 22]. However, the precise role of these various other 

apolipoproteins, either alone or in specific combinations, in HDL metabolism are not 

fully understood and warrants further investigations [22]. 

 

HDL functionality 

HDL particles possess many anti-atherogenic properties, such as anti-inflammatory, 

anti-oxidant, anti-apoptotic, anti-thrombotic and vasodilating effects [10, 23]. The 

suggested most anti-atherogenic property of HDL is its ability to promote 

cholesterol efflux via the RCT. In fact, the cholesterol efflux capacity of HDL particles 

is negatively   associated with the development of CVD [24], emphasizing the 

importance of measuring HDL-efflux capacity rather than simply analyzing 

circulation serum HDL-C concentrations.  
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Cholesterol efflux from cholesterol-laden macrophages is facilitated by specific 

transporters such as adenosine triphosphate binding cassette transporter A1 

(ABCA1), adenosine triphosphate binding cassette transporter G1 (ABCG1), and 

scavenger receptor BI (SR-BI). ABCA1 promotes the transfer of free cholesterol from 

peripheral tissues and macrophages, to preβ-1 HDL, whereas ABCG1 and SR-BI 

transport cholesterol to mature HDL, i.e. HDL2 and HDL3 [15]. The individual 

contribution of each transporter-mediated efflux pathway has been estimated by 

using macrophages from mice in which these specific transporters have been 

knockout [25]. Based on these experiments, it has been estimated that 35% of the 

efflux is attributed to the ABCA1 transporter, underlining that it plays a major role 

in total cholesterol efflux. ABCG1 accounted for approximately 20% of the efflux, 

while SR-BI contributed for only 9 % [15, 25]. Another unmediated pathway 

involved in the efflux of cholesterol is aqueous diffusion. This mechanism is driven 

by the cholesterol concentration gradient itself, and consists of a passive diffusion 

process between mature HDL2 and HDL3 particles, and cells [26-28]. Aqueous 

diffusion has been demonstrated to account for 35% of the total efflux [25].  

 

The anti-atherogenic properties of each HDL subfractions are described in Figure 4. 

 

As apoA-I is the main functional protein within HDL, increasing apoA-I synthesis 

might be a potential target in order to improve HDL functionality. High 

concentrations of apoA-I have been associated with a lower CVD risk [29], and 

apoA-I concentrations have been positively associated with cholesterol efflux [24, 

30]. However, the concentration of apoA-I does not fully reflect HDL-efflux capacity 

and individuals with similar levels of apoA-I can display different abilities to 

promote cholesterol efflux [31]. Thus, it appears that cholesterol efflux capacity of 

HDL particles is regulated by a variety of factors. 
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Figure 4: Anti-atherogenic properties of HDL particles. Adapted from Badimon et Vilahur [3] and Camont et 

al. [16]. The figure was produced using Servier Medical Art (http://smart.servier.com/). 

(a) Anti-inflammatory effects by inhibiting the adhesion of monocyte in the endothelium; (b) Anti-oxidant effects by 

protecting LDL from oxidation; (c) Anti-apoptotic effects by preventing the production of reactive oxygen species 

(ROS); (d) Cholesterol efflux: ABCA1 transporter promotes the transfer of free cholesterol from peripheral tissues 

to discoidal lipid-poor apoA-I, i.e. preβ-1 HDL, while ABCG1 and SR-BI contribute to the efflux of cholesterol to 

mature HDL particles; (e) Vasodilating effects by stimulating the production of nitric oxide (NO) and prostacyclin 

(PGl2); (f) Anti-thrombotic effects via the inhibition of platelets accumulation [3, 16].  

 

Modulators of cholesterol efflux  

Characteristics of the HDL particle itself, such as the size and the composition, can 

modulate HDL cholesterol efflux capacity. Furthermore, individuals’ characteristics, 

for instance BMI, gender, age and the genetic background, as well as nutrition and 

lifestyle are also important modulators of cholesterol efflux capacity. The 

associations between these factors and cholesterol efflux have been systematically 

reviewed and are discussed into detail in chapter 2 of this thesis. In addition, it has 

been recently shown that HDL particles are carrying microRNAs (miRNAs), and 

transport and deliver these miRNAs to recipient cells [32].  
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MiRNA are small, non-coding RNAs of approximately 22 nucleotides that bind to 

complementary sites in the 3’UTR region of the target messenger RNAs (mRNAs), 

and inhibit gene expression through post-transcriptional regulation [33-35]. The 

cellular release mechanisms and extracellular transport of miRNAs are complex, and 

described in Figure 5. 

 

Figure 5: Cellular release mechanisms of miRNAs. Adapted from Creemers et al. [36]. The figure was produced 

using Servier Medical Art (http://smart.servier.com/). 

(a) In the nucleus, DNA is cleaved by the RNase III enzyme Drosha into a pre-miRNA (70 nts); (b) After being 

transported into the cytoplasm by the Exportin-5 protein, this pre-miRNA is cleaved by Dicer, which is an 

endoribonuclease of the RNase III family, into a mature miRNA (22 nts); (c) One strand of this mature miRNA can 

be loaded into the RNA-induced silencing complex (RISC), where it can guide the RISC complex to specific mRNA 

targets to prevent translation of the mRNA into protein. The other strand is likely subject to degradation but it can 

also be released from the cell through several mechanisms; (d) In the cytoplasm, pre-miRNAs or mature miRNAs 

can be incorporated into small vesicles called exosomes, which are released from the cells after fusion of 

multivesicular bodies (MVB) with the plasma membrane; (e) They can also be released by microvesicles through 

budding of the plasma membrane; (f) Finally, miRNAs can be found in circulation in microparticle-free form and 

bind to RNA-binding proteins such as Argonaute2 (Ago2); (g) or be associated with HDL particles [36]. 
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MiRNAs are expressed in all eukaryotic cells types, and coordinate key cellular 

processes including proliferation, differentiation, and apoptosis [37]. In addition, a 

single miRNA can target and regulate numerous mRNAs, while a single mRNA can 

be regulated by multiple miRNAs [38]. HDL-miRNAs have been associated with 

several disorders, such as hypercholesterolemia, inflammation and acute coronary 

syndrome [32, 39], and the HDL-miRNAs signature is altered in diseases [32, 39, 40] 

(Table 1).  

 

Table 1: HDL-associated miRNAs levels in diseases [41]. 

HDL-

miRNAs 
Disease 

Effect on HDL-miRNAs 

level 
References 

let-7f-5p Familial hypercholesterolemia  [32] 

miR-24-3p Familial hypercholesterolemia  [32] 

miR-30c-5p Acute coronary syndrome  [39] 

miR-92a-3p Acute coronary syndrome  [39] 

 
Stable angina; Unstable angina; 

Myocardial infarction 
in HDL2 and HDL3 [40] 

miR-106a-5p Familial hypercholesterolemia  [32] 

miR-122-5p Stable angina; Unstable angina in HDL3 [40] 

miR-135a-3p Familial hypercholesterolemia  [32] 

miR-138-1-3p Familial hypercholesterolemia  [32] 

miR-146a-5p Acute coronary syndrome  [39] 

 
Unstable angina; Myocardial 

infarction 
in HDL3 [40] 

miR-188-5p Familial hypercholesterolemia  [32] 

miR-191-5p Familial hypercholesterolemia  [32] 

miR-218-5p Familial hypercholesterolemia  [32] 

miR-222-3p Familial hypercholesterolemia  [32] 

miR-223-3p Familial hypercholesterolemia  [32] 

miR-323-3p Familial hypercholesterolemia  [32] 

miR-342-3p Familial hypercholesterolemia  [32] 

miR-412-5p Familial hypercholesterolemia  [32] 

miR-486-5p 
Stable angina; Unstable angina; 

Myocardial infarction 
in HDL2 [40] 

miR-509-3p Familial hypercholesterolemia  [32] 

miR-520c-3p Familial hypercholesterolemia  [32] 

miR-572 Familial hypercholesterolemia  [32] 

miR-573 Familial hypercholesterolemia  [32] 

miR-625-3p Familial hypercholesterolemia  [32] 

miR-632 Familial hypercholesterolemia  [32] 

miR-877-5p Familial hypercholesterolemia  [32] 
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As shown in the Table 1, expression of miRNAs can be either upregulated or 

downregulated in metabolic diseases; however it is currently difficult to know if 

these changes in HDL-miRNAs are a cause or a consequence of the diseases. In this 

context, the association of specific HDL-miRNAs with various diseases, as well as 

miRNAs-based therapy using miRNAs antagonists or miRNAs mimics, could serve 

as useful biomarker but also as a target for the prevention and the treatments of CVD 

[41]. In addition, the miRNAs associated with HDL particles may be involved in the 

regulation of the HDL biological functions. However, their specific role is not well 

known yet. One of the most studied HDL-associated miRNA is miR-223, which is 

also one the most abundant miRNA associated with HDL particles [32, 39]. MiR-223 

has been recently found to coordinates cholesterol homeostasis, by controlling 

cholesterol biosynthesis, uptake and efflux [42]. However, the proportion of 

miRNAs associated with HDL particles is rather small, and HDL-miR-223 was 

found to contribute to only 8% of the total miR-223 in the circulation [39]. In addition, 

miR-223 is also one of the most abundant miRNA present in LDL. However, miR-

223 levels in LDL particles are approximately 7 times lower as compared to miR-223 

levels in HDL particles [39]. Finally, miR-223 is also present in exosomes, and 

exosomes-miR-223 levels is increased in acute ischemic stroke patients and 

positively associated with stroke occurrence and severity [43]. However, when 

studied in the same subject, the exosomes-miRNAs signature was found to be more 

closely associated with the LDL-miRNAs signature than with the HDL-miRNAs 

[32]. Because of the growing interest in miRNAs research, an organized classification 

(i.e. miRandola) regrouping all the available information on circulating miRNA has 

been developed [44, 45]. 

 

Thesis outline 

The aim of this thesis was to investigate how HDL functionality, i.e. HDL cholesterol 

efflux capacity, can be modulated and improved in humans, in order to ultimately 

reduce CVD risk. It is first essential to better understand factors associated with 

HDL-mediated cholesterol efflux. For this, a review was written (chapter 2), which 

summarizes determinants of cholesterol efflux in humans. It was concluded that 

results from studies in which efflux was measured seem to be in contradiction with 

results from epidemiological studies, and thus that more research is needed in order 

to determine the best targets to improve efflux capacity. Next, chapter 3 discusses 

the association between genetic determinants and cholesterol efflux, in healthy 

volunteers. In chapter 4, the involvements of three specific HDL-associated 

microRNAs on HDL-mediated cholesterol efflux were studied. Furthermore, in 

chapters 4 and 5, the effects of three dietary compounds have been investigated. 

Chapter 4 focuses on the effects of theobromine consumption on fasting and 
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postprandial cholesterol efflux, while chapter 5 describes the effects of sterol and 

stanol supplementation on fasting HDL-mediated cholesterol efflux. Chapter 6 

focuses on the effect of diet-induced weight loss on HDL cholesterol efflux in 

abdominally obese men. Clinical differences between lean and obese individuals are 

also discussed in this chapter. Finally, chapter 7 summarizes the major findings of 

the different studies presented in this thesis, and the results are discussed into 

broader perspective. 
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Abstract 

High-density lipoproteins (HDL) play an important role in the reverse cholesterol 

transport (RCT) pathway, contributing to the efflux of excess cellular cholesterol. 

However, the classic hypothesis that raising HDL-cholesterol (HDL-C) 

concentrations reduces cardiovascular disease (CVD) risk has been challenged by 

recent intervention studies. Nowadays, improving cholesterol efflux capacity of 

HDL particles is considered to be a better target for the prevention of CVD. We will 

first briefly summarize assays that have been developed in order to quantify HDL-

mediated cholesterol efflux from macrophages. However, the main purpose of this 

review is to discuss factors and ABC-transporters that are associated with HDL-

mediated cholesterol efflux, such as HDL particle characteristics (i.e. HDL size and 

composition), subjects’ characteristics (i.e. gender, BMI and age), HDL-C raising 

drugs, lifestyle, genetic background, as well as acute and low-grade systemic 

inflammation. Results suggested that factors associated with small HDL particles 

efficiently promote cholesterol efflux via the ABCA1 transporter. This appears to 

contradict findings from epidemiological studies suggesting that in particular large 

HDL2 particles are related to a reduced CVD risk. It is therefore essential not only to 

understand targets to increase cholesterol efflux capacity, but also to prove causality 

between cholesterol efflux capacity and the prevention of CVD risk.
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Introduction 

Cardiovascular disease (CVD) is the principal cause of death worldwide. It is 

generally accepted that decreasing serum low-density lipoprotein cholesterol 

concentrations reduces CVD risk, but the role of high-density lipoprotein cholesterol 

(HDL-C) is controversial. Numerous epidemiological studies have observed an 

inverse relationship between serum HDL-C concentrations and CVD risk [1-3], but 

actively raising serum HDL-C concentrations did not reduce CVD risk, challenging 

the classic HDL-C hypothesis [4].  

HDL particles have been shown to exert numerous anti-atherogenic properties, 

including anti-inflammatory, anti-oxidant, anti-apoptotic, anti-thrombotic and 

vasodilating effects. However, a major postulated anti-atherogenic property of HDL 

is its ability to promote cholesterol efflux from macrophages, which is part of the 

reverse cholesterol transport (RCT) pathway [5]. An inverse relationship between in 

vitro HDL-mediated cholesterol efflux from macrophages with CVD risk has been 

demonstrated, independently of HDL-C and apolipoprotein A-I (apoA-I) 

concentrations [6, 7], as well as with cardiovascular mortality [8]. In fact, when 

adjusted for cholesterol efflux capacity, the inverse relationship between HDL-C and 

apoA-I concentrations with CVD disappeared [7]. These findings suggest that 

improving HDL functionality is a better target for decreasing CVD risk than aiming 

for increased fasting HDL-C or apoA-I concentrations.  

In this review, we will first briefly summarize the RCT pathway and several assays 

that have been developed to quantify HDL-mediated cholesterol efflux from 

macrophages. The main focus, however, is to discuss factors that may be related to 

HDL-mediated cholesterol efflux, as related to changes in HDL particle 

characteristics.  

 

Reverse Cholesterol Transport 

The RCT pathway is a complex process resulting in the transport of cholesterol from 

peripheral tissues back to the liver for excretion into bile as either free cholesterol or 

bile acids. A simplified scheme is shown in Figure 1.  
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Figure 1: HDL metabolism and reverse cholesterol transport (RCT) pathway. Figure was produced using 

Servier Medical Art (http://smart.servier.com/). 

HDL: High-density lipoproteins; ABCA1: ATP-binding cassette 1; ABCG1: ATP-binding cassette sub-family G 

member 1; SR-BI: Scavenger receptor class B member I; LCAT: Lecithin:cholesterol acyltransferase. 

 

The ATP-binding cassette 1 (ABCA1) transporter promotes the transfer of free 

cholesterol from peripheral tissues to discoidal lipid-poor apoA-I, i.e. preβ-1 HDL. 

Free cholesterol is then esterified by lecithin:cholesterol acyltransferase (LCAT), and 

larger spherical HDL3 and finally HDL2 particles are formed. The ATP-binding 

cassette G1 transporter (ABCG1) and scavenger receptor class B type I (SR-BI) also 

contribute to the efflux of cholesterol from peripheral tissues and macrophages to 

mature HDL particles [5, 9]. The HDL2 particles bind to hepatocytes through SR-BI, 

which mediates the uptake of cholesteryl esters (CE) from HDL to the liver. In the 

liver, CE are hydrolyzed by cholesteryl ester hydrolase and excreted as free 

cholesterol or converted into bile acids, mostly via the action of cholesterol 7 alpha-

hydroxylase (CYP7A1), the rate-limiting enzyme in the catabolism of cholesterol 

into bile acids [5, 9-11]. CE can also follow an alternative pathway involving the 

exchange of CE from HDLs for triglyceride (TG) to apoB100-containing lipoproteins 
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(very-low density lipoproteins (VLDLs), intermediate-density lipoproteins (IDLs), 

and LDLs), resulting in the remodeling of the composition, size, and, consequently, 

the function of lipoproteins. This exchange of CE for TG requires the activity of 

cholesteryl ester transfer protein (CETP). Via this pathway, extrahepatic cholesterol 

is ultimately taken up by the liver through the LDL receptor [2, 5, 12-14]. Recently, 

a third pathway, called trans-intestinal excretion of cholesterol (TICE), has been 

proposed. This pathway is involved in the excretion of peripheral and hepatic 

cholesterol into the intestinal lumen, independent of the biliary route [15]. However, 

it is not fully understood which particles transport the cholesterol to the intestine 

and how these particles are internalized, although studies in mice have suggested 

that HDL does not contribute to TICE [16, 17] (Figure 2). 

 

 

Figure 2: CETP activity. Figure was produced using Servier Medical Art (http://smart.servier.com/). 

HDL: High-density lipoproteins; IDL: Intermediate-density lipoproteins; LDL: Low- density lipoproteins; VLDL: 

Very low-density lipoproteins; ABCA1: ATP-binding cassette 1; ABCG1: ATP-binding cassette sub-family G 

member 1; CE: cholesteryl esters; TG: triglyceride; CETP: cholesteryl ester transfer protein; LCAT: 

Lecithin:cholesterol acyltransferase; SR-BI: Scavenger receptor class B member I; CYP7A1: cholesterol 7alpha-

hydroxylase; TICE: trans-intestinal cholesterol excretion. 
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The importance of ABCA1 transporter for cholesterol efflux from macrophages has 

been demonstrated in many studies. For example, individual differences in 

cholesterol efflux capacity from macrophages are predominantly due to the ABCA1-

mediated pathway [18]. Moreover, Tangier disease is caused by mutations in 

ABCA1 and characterized by a reduced cholesterol efflux, low HDL-C and apoA-I 

concentrations, and an increased risk to develop atherosclerosis [13]. ABCA1 

knockout mice have a similar phenotype [19]. Therefore, the RCT, and more 

specifically activating the ABCA1-mediated pathway, may be an attractive target for 

the prevention and regression of atherosclerosis. 

 

Methodology of HDL cholesterol efflux measurements 

Several cholesterol efflux assays have been developed to quantify cholesterol efflux 

from cultivated cells to an extracellular cholesterol acceptor. In general, donor cells 

(e.g. monocytes, macrophages) are first labeled with 3H-cholesterol [20]. However, 

deuterated cholesterol, a stable isotope or a fluorescent-labeled sterol, BODIPY-

cholesterol, have also been used [21]. Results of studies using BODIPY-cholesterol 

as label correlated modestly with those using 3H-cholesterol (r=0.54; n=179), while 

fractional efflux rates using BODIPY-cholesterol were approximately 3 times greater 

than with 3H-cholesterol [22]. Another method uses the fluorescent Pennsylvania 

Green/N-alkyl-3β-cholesterylamine-derived molecular probe (F-Ch) and changes in 

cholesterol efflux capacity induced in vitro by pharmacologic agents were 

comparable to those of the 3H-cholesterol method. Although the kinetics of the F-Ch 

and 3H-cholesterol assays were comparable, i.e. a steady increase and a peak value 

reached at 24 h, efflux values using F-Ch were lower compared to those using 3H-

cholesterol, irrespective whether apoA-I or HDL were used as acceptors [23]. 

Fluorescent probes are therefore a good alternative to avoid the detection and 

disposal of radioactivity, inherent to an assay using 3H-cholesterol. Another 

approach using a fluorescent enzymatic method has been described to quantify the 

cholesterol mass in macrophages. With this method, cholesterol efflux can be 

indirectly calculated by quantifying the fluorescence remaining in the cells [24]. An 

in vivo assay in humans has also been developed and consists of infusion of a stable 

isotope, i.e. 13C2-cholesterol. As compared to the in vitro assays, three main steps of 

the RCT pathway can be measured with this in vivo assay: the efflux of free 

cholesterol from tissues, the esterification of free cholesterol in plasma, and fecal 

sterol excretion [25, 26]. If efflux estimates from this in vivo assay correlate with 

those of in vitro assays remain to be determined. A novel in vivo approach using 3H-

cholesterol nanoparticles has been recently developed to measure RCT in humans. 

Similar to the in vivo assay using 13C2-cholesterol, three main steps of the RCT can 

be estimated. However, in contrast to the 13C2-cholesterol, the assay using 3H-
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cholesterol nanoparticles allows to measure macrophage-specific cholesterol efflux. 

This method has been tested and validated in mice, and results of a study with 

healthy volunteers suggest that this method is feasible and safe for human 

applications [27].  

Several human cell types have been used as donor cells, such as human monocytes 

and fibroblasts, THP-1 human monocyte-macrophages, HeLa cells, human 

umbilical vein endothelial cells (HUVEC), HepG2 human hepatocarcinoma cells, 

and platelets. Furthermore, animal-derived cells, such as RAW 264.7 or J774 murine 

macrophages, mouse fibroblasts, rat hepatoma (Fu5AH), Chinese hamster ovary-K1 

cells (CHO-K1) and baby hamster kidney-21 (BHK) cells, have been used [28]. 

Cholesterol-efflux values from RAW 264.7 and J774 are highly correlated [29]. Donor 

cells can also be loaded with acetylated LDL, which results in the formation of a 

foam cell phenotype [28]. The most important pathways in the cholesterol efflux 

from macrophages are ABCA1/ABCG1-dependent. Indeed, macrophages lacking 

ABCA1 and/or ABCG1 have a reduced cholesterol efflux capacity, whereas efflux 

capacity of macrophages lacking SR-BI was unchanged [30]. The expression of both 

ABCA1 and ABCG1 can be increased with an LXR agonist, such as TO-901317 [31]. 

Upregulation of theses transporters promoted macrophage cholesterol efflux in 

vitro, and increased macrophage RCT and reduced atherosclerosis development in 

mice [9, 32]. Murine cell lines can also be treated with cyclic adenosine 

monophosphate (cAMP) to upregulate ABCA1 expression, resulting in an increased 

cholesterol efflux to both apoA-I and HDL [6, 33, 34] (Figure 3). 

Depending on the pathway of interest, several acceptors can be used. HDL and 

apoA-I are used to measure cholesterol efflux from macrophages via ABCA1, 

ABCG1 and SR-BI-dependent pathways. Cyclodextrin, an acceptor of cell surface 

free cholesterol, is used for non-specific cholesterol efflux. Cyclodextrins contain a 

hydrophobic cavity, in which cholesterol can be encapsulated to form soluble 

complexes [28, 35, 36]. However, the kinetics of cholesterol efflux to cyclodextrins is 

different from those of physiological cholesterol acceptors such as HDL. The amount 

of cholesterol released by the cells when cyclodextrin is used, is more rapid and the 

equilibrium between cells and medium is reached faster, which might be attributed 

to the higher molar ratio of cholesterol to cyclodextrin molecules [35, 36].  
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Figure 3: Commonly used donor cells, transporters and acceptors in cholesterol efflux assays. Figure was 

produced using Servier Medical Art (http://smart.servier.com/).  

LXR: liver X receptor; cAMP: cyclic adenosine monophosphate; ABCA1: ATP-binding cassette 1; ABCG1: ATP-

binding cassette sub-family G member 1; SR-BI: Scavenger receptor class B member I; apoB: apolipoprotein B; HDL: 

High-density lipoproteins; apoA-I: apolipoprotein A-I. 

 

A frequently used assay to measure cholesterol efflux capacity of HDL particles has 

been described by Khera et al. [6]. In this assay, J774 murine macrophages are first 

cultivated and treated with an acyl-coenzyme A:cholesterol acyltransferase (ACAT) 

inhibitor to minimize cholesterol esterification to make sure that all labeled 

cholesterol will be present as free cholesterol. Macrophages are then labeled with 
3H-cholesterol and incubated with cAMP for 24 hours to upregulate the expression 

of ABCA1. Next, human serum is depleted from apoB100-containing lipoproteins 

using polyethylene glycol (PEG), and the supernatant - containing the HDL particles 

- is added to the radiolabeled macrophages for 4 hours. Finally, the percentage of 

efflux of radioactive cholesterol from the cells to the acceptor as compared to a 

control pool serum is determined by liquid scintillation counting (Figure 4). This 

assay quantifies the efflux of cholesterol from macrophages through the ABCA1-

mediated pathway, which is activated by cAMP treatment. However, ABCG1- and 

SR-BI-dependent pathways, and aqueous diffusion of free cholesterol, also 

contribute to the measured cholesterol efflux. The individual contribution of each 
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efflux-pathways has been previously investigated, using mouse peritoneal 

macrophages. ABCA1-mediated efflux has been demonstrated to play a major role. 

However, aqueous diffusion has also been shown to be one of the major contributors 

of cholesterol efflux, accounting for 35%, and ABCG1 accounted for approximately 

20% of the efflux. However, the contribution of SR-BI to efflux was small, about 9% 

[37]. As all these transporters are part of the murine J774 macrophages, their 

activities are comparable within one analytical run. However, as the HDL fraction 

added to the radiolabeled macrophages is subject-specific, the capacity of a person’s 

HDL to promote cholesterol efflux is measured. Furthermore, other transporters, 

such as ABCA8, can be involved in cholesterol efflux [38]. It should be noted that 

this assay focuses on the interaction between the HDL fraction with the ABCA1 

transporter, and not on the effects of the intervention on ABCA1 expression. Any 

changes in cholesterol efflux capacity are therefore not due to changes in ABCA1 

expression, but to differences in the composition of the supernatant used, including 

HDL particle size or composition. When using apoB100-depleted serum, other 

mediators of cholesterol efflux might be present in the supernatant, including 

proteins such as albumin [39] and plasminogen [40], and exosomes [41], which can 

also contribute to the ABCA1-mediated cholesterol efflux. Moreover, only a part of 

the RCT pathway is determined, as uptake and metabolism of cholesterol in the liver 

and TICE is not quantified. Furthermore, results do not depend on variations in the 

rate of hydrolysis of CE, the status of endogenous macrophage cholesterol 

transporters, and the transfer of CE from HDL to apoB100-containing lipoproteins 

via CETP [6]. Moreover, the method to isolate HDL can affect HDL particles size 

and/or composition. When PEG is used for serum apoB100 depletion, cholesterol 

efflux capacity was shifted towards smaller HDL particles, although the total efflux 

summed across all HDL-sized fractions did not differ between the control serum 

sample and apoB-depleted serum samples. The phospholipid and cholesterol profile 

of the HDL size fractions was also shifted to the right, indicating a change to smaller 

sized particles. Three other apoB precipitation methods (dextran sulfate/magnesium 

chloride, heparin sodium/manganese chloride, and LipoSep immunoprecipitation) 

also changed the quantity of some apolipoproteins, such as a reduction in apoE 

concentrations without affecting the size distribution of HDL particles subfractions. 

None of these three methods, however, affected the efflux of cholesterol [42]. 
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Figure 4: Cholesterol efflux assay. Figure was produced using Servier Medical Art (http://smart.servier.com/). 

ACAT: acetyl-coenzyme A acetyltransferase 

 

Determinants of cholesterol efflux  

HDL-C concentrations 

Cholesterol efflux capacity correlates positively with HDL-C and apoA-I 

concentrations [6, 7]. However, this does not necessarily mean that increasing HDL-

C or apoA-I concentrations increases cholesterol efflux capacity [43]. CETP 

inhibitors, for example, effectively raise HDL-C and apoA-I concentrations, but not 

all CETP inhibitors affects cardiovascular outcomes. Indeed, no beneficial effects of 

torcetrapib, dalcetrapib and evacetrapib on cardiovascular events were found, while 

the impact of TA-8995 is not yet known [44]. To date, only anacetrapib resulted in a 

significantly lower incidence of major coronary events [45].  
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HDL particles size and composition 

HDL consists of many different particles, which are heterogeneous in structure, 

density, size, composition, and biological activity [11]. Mature HDL particles consist 

of a surface monolayer rich in phospholipids and proteins, and a hydrophobic core 

made of CE and TG, whereas preβ-1 HDL particles mainly consist of apoA-I and a 

small amount of phospholipids and free cholesterol [46]. Small and dense preβ-1 

HDL particles promote cholesterol efflux primarily through the ABCA1 transporter, 

whereas large and less dense HDL particles mainly through the ABCG1 and SR-BI 

transporters [11]. However, there is no unique nomenclature for HDL subfractions, 

which relate to the separation technique used. With ultracentrifugation, two main 

subfractions of HDL can be separated, i.e. the large HDL2 and the smaller HDL3 

particles, which can be further differentiated into HDL2b, HDL2a, HDL3a, HDL3b and 

HDL3c particles. With 2D electrophoresis, even more than ten HDL subfractions can 

be identified [11, 47]. Other methods to isolate HDL subfractions include fast protein 

liquid chromatography, immune electrophoresis, and nuclear magnetic resonance 

[20]. Due to these different techniques, relationships between HDL subfractions with 

CVD risk might be difficult to compare between studies [48].  

Phosphatidylcholine is the predominant phospholipid in HDL (74-80%), followed 

by sphingomyelin (14-20%), lysophosphatidylcholine (1.5-3.3%), 

phosphatidylinositol (1.6-2.0%), phosphatidylethanolamine (1.4-2.1%), ceramide 

(0.11-0.19%), phosphatidylserine (0.03-0.63%), phosphatidylglycerol (0.011-0.015%), 

and finally phosphatidic acid (0.010-0.025%) [46, 49].  As compared to HDL3, the 

surface monolayer of HDL2 particles is rich in sphingomyelin and ceramide. In 

contrast, small HDL3 particles are preferentially associated with 

phosphatidylcholine, lysophosphatidylcholine, phosphatidylserine and 

phosphatidic acid [49]. The mechanisms responsible for the heterogeneity in 

phospholipids composition between HDL subpopulations are unclear, but may be 

due to the varying amounts of phospholipids that can be sequestered in the 

boundary layer, by interaction with apoA-I at the disc edge [50]. The phospholipid 

composition of HDL particles may be a major determinant of cholesterol efflux, as it 

determines surface lipid fluidity [46]. A high content in sphingomyelin (expressed 

as the percentage of the total HDL mass) found in HDL2 particles, is associated with 

a decreased cholesterol efflux, due to a decrease in the HDL surface fluidity [51]. In 

contrast, the content of phosphatidylserine in HDL3 particles is positively associated 

with cholesterol efflux capacity [46, 49, 52], supporting studies emphasizing that 

small HDL3 particles promote cholesterol efflux [53]. Also, an abnormal HDL lipid 

composition, such as enrichment in TG and reduction in phospholipids, impairs the 

ability of HDL to promote cholesterol efflux [46]. In fact, CVD risk has been 

associated with decreased concentrations of total HDL phospholipids, independent 
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of HDL-C concentrations and particle sizes [54]. The association between HDL 

particles size and composition with CVD has been investigated in several studies. 

As reviewed, the number of large HDL2 particles is negatively correlated with CVD 

risk. Moreover, a reduction in HDL particle size is positively associated with CVD 

[55], and small HDL3 particles are associated with an increased risk of developing 

CVD in healthy men and women [56]. These epidemiological findings seem to 

contradict findings from efflux studies, suggesting that both preβ-1 HDL [57] and 

the smaller HDL3 particles [53] are highly efficient to promote cholesterol efflux via 

the ABCA1 transporter.  

 

HDL-C and apoA-I raising drugs 

CETP-inhibitors may have differential effects on cholesterol efflux. Dalcetrapib 

increased non-ABCA1-mediated cholesterol efflux, but not ABCA1-dependent 

cholesterol efflux. However, cholesterol efflux capacity only increased by one-tenth, 

as compared to the one-third increase in HDL-C concentrations [58]. In contrast, 

ABCA1- and ABCG1-mediated cholesterol efflux was increased in subjects treated 

with anacetrapib [59]. In addition, the CETP inhibitors evacetrapib [60, 61] and TA-

8995 [62] increased cellular cholesterol efflux capacity via ABCA1 and non-ABCA1 

mechanisms. The increase in cholesterol efflux capacity by evacetrapib and TA-8995 

correlated positively with the increase in preβ-1 HDL particles concentrations, 

independently of the increase in HDL-C concentrations. The increase in HDL2 and 

decrease in HDL3 concentrations were not associated with cholesterol efflux. 

Surprisingly, a common SNP (−629C→A) in the CETP gene, which translates into 

higher plasma CETP concentrations and lower HDL-C concentrations, was 

associated with a greater cholesterol efflux capacity [63].  

RVX-208 increases HDL-C and apoA-I concentrations in vitro and in vivo via 

interaction with bromodomains [64]. In African green monkeys, RVX-208 increased 

concentrations of preβ-1 HDL, HDL2 and HDL3, as well as cholesterol efflux capacity 

via ABCA1, ABCG1, and SR-BI pathways. In humans, oral treatment for 1 week 

increased plasma concentrations of apoA-I and preβ-1 HDL, and cholesterol efflux 

capacity via the ABCA1-mediated pathway [65].  

ApoA-I-mimetic peptides promoted the formation of preβ-1 HDL and stimulated 

cholesterol efflux from macrophages via ABCA1. This increase in cholesterol efflux 

correlated positively with the increase in preβ-1 HDL. However, the safety of these 

apoA-I-mimetic peptides needs further investigations, as administration at high 

doses in mice lead to an accumulation of VLDL-TG [66, 67].  
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Lipid-lowering drugs 

Statins effectively lower LDL-C and thereby CVD risk by inhibiting 3-hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme in 

cholesterol synthesis [68]. Statins have pleiotropic effects and many statins (e.g. 

rosuvastatin, atorvastatin, simvastatin, and pravastatin) modestly elevate HDL-C 

concentrations. Results for changing apoA-I concentrations were less pronounced 

[69, 70]. Further, atorvastatin and rosuvastatin significantly increased the 

concentration of the large HDL2, and decreased small HDL3 and preβ-1 HDL 

concentrations [71, 72]. In addition, simvastatin increased the total phospholipid 

concentration of HDL by increasing the content of phosphatidylcholine and 

phosphatidylethanolamine [73]. Although particle size distribution and HDL 

composition are important determinants of cholesterol efflux, effects of statins on 

cholesterol efflux are less clear. In mice, rosuvastatin did not change HDL-C 

concentrations, but increased the capacity of HDL to promote cholesterol efflux via 

the ABCA1 pathway [74]. Other studies in mice [74] or humans [6, 75, 76], however, 

found no effects of atorvastatin [6, 74, 76], as well as of pravastatin [6] and 

simvastatin [75] on cholesterol efflux capacity. However, treatment of human 

macrophages with simvastatin and atorvastatin decreased the ABCG1-mediated 

cholesterol efflux pathway without affecting ABCG1 protein levels [77]. Moreover, 

incubation of human macrophages with atorvastatin or simvastatin increased miR-

33 expression, together with a decrease in ABCA1 mRNA expressions, and 

simvastatin decreased ABCA1-mediated cholesterol efflux [78]. Incubation of J774 

mouse macrophages with several types of statins, i.e. simvastatin, pitavastatin, 

atorvastatin and rosuvastatin, reduced ABCA1 mRNA expression as well as the 

ABCA1-mediated cholesterol efflux from macrophages, with simvastatin having the 

most pronounced effects [78]. Thus, if statins have beneficial effects on cholesterol 

efflux capacity is still unknown, and the different statins may differently impact 

cholesterol efflux capacity of HDL particles. 

Niacin increased concentrations of HDL-C and HDL2 particles, but had only a minor 

effect on serum cholesterol efflux capacity [79]. ABCG1- and ABCA1-mediated 

cholesterol efflux did not change, while only small increases or no changes at all via 

SRB1-mediated efflux have been reported. These small changes in cholesterol efflux 

were positively associated with the changes in HDL-C concentrations [80]. Also, 

combination therapy of niacin with statins increased ABCA1-mediated cholesterol 

efflux from macrophages [76].  

Fibrates raise HDL-C concentrations in patients with atherogenic dyslipidemia [81], 

and bezafibrate increased cholesterol efflux capacity in type 2 diabetes patients [82]. 

In another study, fenofibrate slightly increased cholesterol efflux via the SRB1-

mediated pathway, but did not affect the ABCA1-mediated pathway. This latter 
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effect may be explained by the lack of effect on concentrations of small preβ-1 HDL, 

the preferred acceptor of cholesterol via the ABCA1-mediated pathway [79]. 

 

Gender 

It is well known that HDL-C concentrations are higher in pre-menopausal women 

than in men [83]. HDL from pre-menopausal women also has a greater cholesterol 

efflux capacity as compared to HDL from men, independently of differences in 

HDL-C concentrations [84]. It has also been reported that women have more HDL2 

particles than men [85], and these larger HDL2 particles were related to an increased 

cholesterol efflux capacity via the SR-BI pathway in healthy women with increased 

HDL-C concentrations. However, it has also been observed that men have more 

preβ-1 HDL particles, leading to an increased efflux capacity via the ABCA1 

pathway, although total cholesterol efflux capacity remained higher in women [86]. 

After the menopause, HDL-C and HDL2 particle concentrations are decreased, 

whereas the concentration of HDL3 particles is increased [87-89]. However, effects 

of menopause on cholesterol efflux capacity are not well understood. Corcoran et al. 

observed that estrogen reduced the CE content in human monocyte-derived 

macrophages via the activation of the estrogen receptor on the macrophage, without 

any effect on cholesterol efflux capacity [90]. Badeau et al. also found no relation 

between cholesterol efflux capacity with gender, menopausal status, or estradiol 

concentrations, when using samples from a large-scale population-based study [91]. 

However, the same authors reported earlier that cholesterol efflux capacity of HDL 

particles in women might be linked to the estradiol esters incorporated in HDL 

particles [92]. When HDL from 8 men was incubated with estradiol oleate, 

cholesterol efflux from macrophages increased significantly. Since SR-BI participates 

in the uptake of estradiol in hepatocytes [92], the involvement of this receptor on the 

macrophage on cholesterol efflux was studied. Treatment of macrophages with an 

SR-BI inhibitor or an estrogen receptor antagonist reduced cholesterol efflux 

capacity mediated by estradiol oleate enriched HDL. This indicated that both 

estrogen receptors and SR-BI are involved in the increased cholesterol efflux from 

macrophages stimulated by HDL-associated estradiol oleate [84]. In a longitudinal 

study in which women were studied before and after menopause, cholesterol efflux 

capacity correlated positively with both medium and large HDL particles 

concentrations, before and after menopause, as quantified by ion mobility analysis 

(IMA). The number of large HDL particles increased after menopause, whereas the 

size of small HDL particles decreased [93]. The authors speculated that these 

findings might be explained by the fact that the subjects of the study were women 

in an early stage of the menopause, i.e. the time between the last menstrual period 

and the follow-up measurements was only 2 years on average. To summarize, pre-
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menopausal women have a higher cholesterol efflux capacity than men, but studies 

examining changes in cholesterol efflux during and after the menopause are not 

unequivocal. 

 

BMI 

An increased BMI is associated with a decrease in apoA-I and HDL-C 

concentrations. Moreover, obese subjects have lower HDL2 and higher HDL3 particle 

concentrations [94-98]. Further, preβ-1 HDL particle concentrations may be higher 

in obese subjects as compared to lean subjects, which has been explained by 

increased hepatic lipase and phospholipid transfer protein (PLTP) activities in obese 

subjects [98, 99]. Obesity is also associated with a decreased expression of genes 

involved in cholesterol metabolism, such as ABCA1 and ABCG1. This may explain 

why obese people have a reduced cholesterol efflux capacity [100], despite increased 

preβ-1 HDL particle concentrations. In addition, cross-sectional differences in efflux 

capacity between various BMI-groups have previously been reported [101-103]. 

Weight reduction is accompanied by increases in HDL2 concentrations and 

decreases in those of HDL3 in both men and women [104], as explained by the 

decreases in hepatic lipase and CETP activities [105]. The increase in plasma 

concentrations of HDL2 after weight loss induced by bariatric surgery is associated 

with an improvement in cholesterol efflux capacity via the SR-BI and ABCG1 

pathways [106]. In fact, efflux via the ABCA1 pathway was decreased, most likely 

due to reduced preβ-1 HDL concentrations [105]. Two others studies have shown 

that weight loss induced after surgery resulted in an increase in HDL-cholesterol 

efflux capacity after upregulation of ABCA1 expression [107, 108], and in large HDL2 

concentrations [107]. However, the type of intervention used to induce weight loss, 

such as bariatric surgery or calorie restriction, may lead to different findings. Indeed, 

weight loss by very low calorie diet was found to increase apoA-I concentrations, 

without improving cholesterol efflux [109]. In two other studies, diet-induced 

weight loss also failed to improve cholesterol efflux [110, 111].  As already discussed, 

the sphingomyelin content of HDL particles correlates negatively with cholesterol 

efflux, and weight loss induced by an energy-restricted diet is associated with a 

decrease in the sphingomyelin content of all HDL subclasses [112], which might 

explain the improvement of efflux capacity after weight loss. Thus, surgery-induced 

weight loss may increase cholesterol efflux, but studies on diet-induced weight loss 

are less clear. Whether this relates to the amount of weight loss, which is higher after 

surgery, warrants further investigation. 
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Age 

Aging is associated with an increased risk of developing CVD and a decrease in 

HDL-C concentrations [113, 114]. Age also correlates positively with HDL2 particle 

concentrations and negatively with those of HDL3 [115]. Cholesterol efflux was 

lower in elderly healthy subjects as compared to young healthy subjects, mainly via 

a reduced efflux via the ABCA1 pathway. Moreover, cholesterol efflux capacity of 

HDL3 particles significantly decreased with aging, whereas no difference was found 

for HDL2 particles. In elderly subjects, cholesterol efflux was positively associated 

with large HDL particles concentrations and inversely with those of small HDL 

particles [116]. Oxidative processes have been shown to impair HDL-mediated 

cholesterol efflux capacity in vitro [117]. As in vitro studies suggest that aging is 

associated with an increased susceptibility of HDL to oxidize, this might at least 

partly explain decrease in the cholesterol efflux observed in elderly [118, 119]. 

Another possible explanation relate to a reduction in elderly subjects of the 

phosphatidylcholine/sphingomyelin ratio and the fluidity of the phospholipid 

bilayer of HDL particles [118]. Also, gene and protein expressions of ABCA1 and 

ABCG1, as well as cholesterol efflux capacity, were reduced in macrophages isolated 

from elderly mice and humans [120]. Moreover, experiments in knockout mice 

showed that cholesterol efflux was similar when macrophages of young mice - 

depleted of ABCA1, but not of ABCG1 - were compared with macrophages of old 

mice. It was suggested that the decrease in ABCA1 expression in macrophages from 

elderly mice might be due to the upregulation of miR-33 expression in macrophages 

[120], which may be involved in the downregulation of ABCA1 and ABCG1 

expression [121]. Another study found reduced apoE levels, an apolipoprotein 

carried by HDL which may promote ABCA1-mediated cholesterol efflux [122], and 

increased sphingomyelin content in the total HDL fraction of healthy elderly 

subjects, as compared to young subjects. However, cholesterol efflux capacity of 

HDL particles was not different [123]. Still, most of the studies conclude that aging 

is associated with a decrease in cholesterol efflux capacity. 

 

Lifestyle 

Changing lifestyle, such as increasing physical activity, quit smoking or adopting a 

healthy diet, effectively improves health. Physical activity increased ABCA1 

expression in human leukocytes, as well as plasma concentrations of apoA-I and 

preβ-1 HDL. In addition, ABCA1 expression correlated positively with preβ1-HDL 

concentrations [124]. Endurance-trained athletes have an increased cholesterol 

efflux capacity, which is in line with higher concentrations of apoA-I, HDL-C and 

preβ-1 HDL as compared to control subjects [125]. Endurance training also increased 
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the proportion of large HDL2 particles [96]. As reviewed, smoking reduces HDL-C 

concentrations, which has been explained by a reduction in the larger HDL2 particles 

[126, 127]. Furthermore, ABCA1 protein expression was lower in macrophages from 

smokers as compared with nonsmokers, while ABCA1-mediated cholesterol efflux 

capacity was also reduced in smokers. Three months after smoking cessation, 

ABCA1 protein and mRNA expressions, as well as ABCA1-mediated cholesterol 

efflux were increased, while no changes on ABCG1 expression and function were 

found. However, for unknown reasons, this was only evident in patients with 

coronary artery disease (CAD), but not CAD subjects without CAD [128]. 

Diet also affects cholesterol efflux capacity. The amount of alcohol consumed is 

positively associated with ABCA1 expression and cholesterol efflux capacity [124]. 

Consumption of 4 glasses of whisky daily for 17 days increased ABCA1-mediated 

serum cholesterol efflux from J774 mouse macrophages, as well as preβ-1 HDL 

concentration [129]. Consumption of a fatty meal by normolipidemic subjects 

increased the capacity of whole plasma to stimulate cholesterol efflux during the 

postprandial phase, concomitant with an increase in CETP activity. For both 

parameters, the maximum was reached after eight hours. Moreover, HDL-C 

concentrations slightly decreased, whereas HDL-phospholipids increased. No 

changes were observed in apoA-I concentrations during the postprandial phase. In 

addition, plasma cholesterol efflux capacity positively correlated with the 

concentrations of HDL-C, apoA-I and total HDL-phospholipids during the 

postprandial phase [130]. Acute consumption of walnuts improved postprandial 

cholesterol efflux from J774 macrophages, as compared to the fasting condition. 

However, this effect was only found when whole serum was used, but not apoB-

depleted serum. The authors therefore suggested that walnuts might have a greater 

impact on global cholesterol efflux rather than on efflux mediated by only HDL 

particles, and that LDL particles could as well play a role in the RCT pathway as an 

acceptor of free cholesterol [131]. In mice, dietary supplementation with β-carotene 

increased cholesterol efflux from macrophages and the expression of ABCA1 and 

ABCG1 [132]. Effects of fatty acids rich diets have already been reviewed and are 

controversial [126, 133]. Macrophage cholesterol efflux was not changed by diets rich 

in trans, polyunsaturated, or saturated fatty acids [134], despite a significant 

decrease in HDL-C concentrations [135]. In vitro, cholesterol efflux from 

macrophages was decreased after treatment with various unsaturated fatty acids, 

i.e. palmitoleate, oleate, linoleate, and arachidonate, by enhancing the degradation 

of ABCA1. In contrast, no effects of the saturated fatty acids octanoate, palmitate, 

and stearate were found [136]. Beneficial effects of dietary fatty acids have also been 

reported. Hamsters fed an omega 3 rich diet (rich in EPA and DHA) improved 

cholesterol efflux capacity [137]. Similar results have been found in humans who 

received a supplement with EPA, twice a day for 4 weeks [138]. Moreover, 
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conjugated linoleic acid isomers, i.e. c9t11-CLA and t10c12-CLA, increased in vitro 

cholesterol efflux from macrophages by up-regulating ABCA1 expression [139]. 

Consumption of extra-virgin olive oil, rich in MUFA, increased ABCA1 and ABCG1 

expression in macrophages, as well as cholesterol efflux capacity of HDL [140], and 

polyphenol-rich olive oil increased the expression of key genes involved in 

cholesterol efflux, such as ABCA1 or SR-BI [141]. Cholesterol efflux was also 

enhanced after consumption of a polyphenol-rich olive oil. This oil also induced 

changes in the HDL particles size distribution. Large HDL2 concentrations increased, 

while small HDL3 particles decreased, which may explain the enhancement in the 

efflux capacity observed in this study [142], suggesting that the improvement in 

efflux capacity might be modulated by the ABCG1-mediated pathway. A recent 

study from the same group showed that 1 year of intervention with two types of 

Mediterranean diets, i.e. one enriched with virgin olive oil and one enriched with 

nuts, both increased cholesterol efflux capacity and large HDL2 particles 

concentrations. Moreover, the consumption of the virgin olive oil enriched diet 

decreased CETP activity and increased the total phospholipids content in the HDL 

surface [143]. It has been suggested that consumption of extra-virgin olive oil 

increased the fluidity of the phospholipidic layer of HDL [140].  

 

Genetic background 

Villard et al. showed that cholesterol efflux capacity of HDL particles from 

macrophages was related to SNPs located in genes involved in HDL metabolism, 

such as CETP (rs17231506), ABCA1 (rs2230806), APOA1 (rs1799837), APOAII 

(rs5086), and LIPC (lipase C; rs1800588) [144]. Moreover, these associations were 

independent of HDL-C concentrations and gender-specific. However, the seven 

SNPs presented in this study explained only 6% of the plasma cholesterol efflux 

variability. In another study, it was found that SNPs located in STAB1 (stabilin-1; 

rs13326165), SLC39A8 (solute carrier family 39 member 8; rs13107325), CITED2 

(cbp/p300-interacting transactivator 2; rs605066), CETP (rs3764261), ANGPTL4 

(angiopoietin like 4; rs7255436). SNPs located in LIPC (rs1532085) and ANGPTL8 

(angiopoietin like 8; rs737337) were the most strongly associated with cholesterol 

efflux [145]. 

 

Inflammation 

As recently reviewed, acute inflammation is associated with remodeling of the 

proteins carried by HDL particles, changing their capacity to mediate cholesterol 

efflux and thereby RCT [146]. Acute phase responses to inflammation decrease 
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HDL-C concentrations, hepatic apoA-I production, and ABCA1 and ABCG1 

expressions in THP-1 macrophages [147]. Also, HDL particles become enriched in 

serum amyloid A (SAA) [148], leading to the formation of larger and dysfunctional 

HDL particles. Levels of SAA in endotoxin-treated mice and men were negatively 

related with efflux capacity [149]. Inflammation induced with lipopolysaccharide 

may also block the final step of the RCT, i.e. the transport of cholesterol through the 

liver into the bile, by down-regulating the expression of specific biliary transporters 

(ABCG5 and ABCG8), as observed in mice [150]. In contrast, the acute phase 

response slightly enhanced ABCG1-mediated efflux in mice. This may be due to the 

enrichment in the phospholipids content of HDL after acute inflammation, which is 

not observed in humans [151]. 

Besides the extreme condition of an acute phase response, a more mild condition 

like low-grade systemic inflammation may also affect cholesterol efflux. This 

condition is characterized by increased concentrations of many pro-inflammatory 

cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), and is 

often found in obese subjects [152]. Treatment of THP-1 macrophages with TNF-α 

decreases ABCA1 mRNA and protein expressions, as well as HDL-mediated 

cholesterol efflux, while no effect of TNF-α was found on ABCG1 mRNA and 

protein expressions [153]. Moreover, weight loss decreases low-grade systemic 

inflammation [154], which may contribute to the increase in cholesterol efflux 

capacity after loss of fat mass.  

 

Conclusion 

This review focused on the determinants of cholesterol efflux capacity, an important 

determinant of the RCT pathway. Results of the determinants discussed here have 

been summarized in the Table 1. Recent studies have suggested that increasing HDL 

functionality is more important than increasing HDL-C or apoA-I concentrations to 

lower CVD risk [6, 7, 155, 156]. Indeed, increasing HDL-C or apoA-I concentrations 

do not necessarily improve cholesterol efflux capacity. For instance, CETP inhibitors 

do not consistently increase cholesterol efflux capacity, even though HDL-C 

concentrations are increased. The ABCA1 transporter is the major route for 

cholesterol efflux from macrophages and increasing tissue specific mRNA and/or 

protein expressions of this transporter may be an important target to decrease CVD 

risk. Several efflux assays focusing on this pathway have therefore been developed, 

which have shown that the size and composition of HDL particles, and the different 

HDL subfractions, differently affect cholesterol efflux. However, these assays do not 

measure the effects of the interventions on ABCA1 expression, but principally the 

interaction between HDL particles and this transporter. Preβ-1 HDL particles are 
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thought to be the most efficient to promote cholesterol efflux via the ABCA1 

pathway, which is consistent with the findings of RVX-208 and apoA-I-mimetic 

peptides. ABCG1 and SR-BI are mainly involved in cholesterol efflux to HDL2 

particles, which are considered to contribute less to HDL-mediated efflux [37]. 

Indeed, in elderly people, cholesterol efflux capacity is decreased, even though 

HDL2 particles concentrations are increased. In addition, interventions using niacin, 

trans and saturated fatty acids showed changes in HDL2-C concentrations, but not 

in efflux capacity. It is therefore surprising that prospective epidemiological cohort 

studies have observed that increased HDL2 particle concentrations are related to a 

reduced CVD risk. Therefore, it is essential to understand these apparent 

discrepancies. Except for apoA-I, HDL particles carry also other proteins, which 

determine efflux capacity as well. The intrinsic characteristics of the HDL particles 

are related to subjects’ characteristics, and cholesterol efflux mediated pathways 

may for example be gender-specific, with the ABCA1-mediated pathway being more 

efficient in men than in women. In addition, lifestyle changes, such as lowering fat 

mass, increasing physical activity, quit smoking and eating a healthy diet, can 

modify HDL particles characteristics and distributions, and thereby cholesterol 

efflux capacity. However, more research is needed to determine the best targets to 

optimize in vivo cholesterol efflux capacity and whether these changes translate into 

a changed CVD risk. 
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Abstract 

Associations between cholesterol efflux capacity of high-density lipoprotein (HDL) 

particles with subject characteristics and selected Single Nucleotide Polymorphisms 

(SNPs) of genes involved in the reverse cholesterol transport pathway and HDL 

metabolism have been investigated in 50 healthy men and 57 healthy women. 

Cholesterol efflux was measured by incubating radiolabeled-3H-cholesterol loaded 

murine J774 macrophages with apolipoprotein B–depleted serum. Results were 

adjusted for the use of statins, age and HDL-C concentrations. Cholesterol efflux was 

significantly associated with the use of statins (β=17.7%; p=0.014) and HDL-C 

concentrations (mmol/L) (β=20.4%; p=0.012), and a trend was observed for age 

(years) (β=-0.3%; p=0.083). No associations were found for gender and BMI. 

Cholesterol efflux capacity was related to SNPs in ABCA1 (rs2066716), LXRβ 

(rs2248949 and rs2695121) and CETP (rs1864163). A trend was found for ABCG1 

(rs2839482). No relationships were present for SNPs in the apoA5/A4/C3/A1 cluster 

and the selected SNP (rs5888) in SRB1. Since these proteins are not all present in the 

HDL particles added to the murine J774 macrophages, the identified SNPs may be 

related to HDL particles characteristics. 
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Introduction 

Numerous epidemiological studies have found an inverse association between 

serum high-density lipoprotein-cholesterol (HDL-C) concentrations and 

cardiovascular disease (CVD) risk [1, 2]. However, a causal relation between 

increasing serum HDL-C concentrations and CVD is not supported by recent 

intervention studies [3]. Therefore, it becomes more and more accepted that 

improving HDL functionality is a better target for decreasing CVD risk than 

increasing HDL-C concentrations. Indeed, HDL possesses many anti-atherogenic 

properties, including anti-inflammatory, anti-oxidant, anti-apoptotic, anti-

thrombotic and vasodilating effects [4]. However, one of the main anti-atherogenic 

properties of HDL is its ability to promote cholesterol efflux from macrophages, 

which is the transport of cholesterol from peripheral cells, predominantly 

macrophages, back to the liver and its subsequent excretion into the feces as neutral 

sterols or bile acids. This ability of HDL to stimulate efflux of cholesterol from 

macrophages is part of the reverse cholesterol transport (RCT) pathway [4]. Indeed, 

in vitro cholesterol efflux capacity from macrophages mediated by HDL particles 

was negatively associated with the development of CVD and atherosclerosis, 

independently of HDL-C concentrations, highlighting the importance of focusing on 

HDL functionality rather than HDL-C concentrations [5, 6].  

Plasma HDL-C concentrations are largely genetically determined and 

approximately 70% of the inter-individual variation in plasma HDL-C 

concentrations is explained by genetics factors [7]. In fact, many studies have 

reported that single nucleotide polymorphisms (SNPs) in genes involved in HDL 

metabolism, such as cholesteryl ester transfer protein (CETP), lipoprotein lipase 

(LPL), hepatic lipase (LIPC), endothelial lipase (LIPG) and ATP-binding cassette 1 

(ABCA1) [7, 8] are associated with HDL-C and apolipoprotein A-I (apoA1) 

concentrations [9, 10]. However, relationships between SNPs and HDL 

functionality, and more especially with the cholesterol efflux capacity of HDL 

particles, are not well documented. In one study, it was found that plasma 

cholesterol efflux capacity from human macrophages was related to SNPs located in 

genes coding for CETP, ABCA1, apoA1, apolipoprotein A-II and LIPC. Effects were 

gender specific and independent of plasma lipid concentrations. However, in that 

study, only genes involved in the biogenesis, maturation and remodeling of HDL 

particles were examined [11]. In the present study, we therefore decided to focus on 

genes directly involved in cholesterol efflux and the RCT pathway. For this purpose, 

we investigated in 50 healthy men and 57 healthy women associations between 

SNPs located in genes coding for ABCA1, ATP binding cassette transporter G1 

(ABCG1), liver X receptor (LXR), scavenger receptor class B member 1 (SRB1), CETP 

and the apolipoprotein A5/A4/C3/A1 cluster (apoA5/A4/C3/A1) with plasma 
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cholesterol efflux capacity. Also, relations with age, gender, body mass index (BMI), 

and use of statins were explored. Although these factors are related to HDL-C 

concentrations [12-15], not much is known on their relationships with cholesterol 

efflux capacity of HDL particles. 

 

Materials and Methods 

Subjects’ characteristics 

Samples from two previous studies carried out at Maastricht University were used. 

In the first study, effects of vegetable-oil based versus wood-based stanol ester 

mixtures on serum lipids and hemostatic factors in non-hypercholesterolemic 

subjects were studied. Of the original 112 healthy subjects, samples were available 

for 24 men and 42 women. All subjects were healthy with a BMI< 30 kg/m2 and aged 

between 18-65 years. Full details of the study have been published before [16]. In the 

second study, the effects of long-term plant sterol or stanol ester consumption on 

lipid and lipoprotein metabolism were examined in subjects on stable statin 

treatment. Of the original 54 subjects, samples of 26 men and 15 women were 

available. All subjects were healthy with a BMI≤32 kg/m2 and aged between 18-65 

years. The types of statin used by the subjects are shown in Supplemental Table S1. 

Full details of the study have been published before [17]. For the present study, 

results of both studies obtained at the end of the 4 weeks run-in periods were 

combined and associations with cholesterol efflux capacity could therefore be 

determined in 50 healthy men and 57 healthy women. Both studies were conducted 

according to the ethical guidelines of the 1975 Declaration of Helsinki and approved 

by the Ethics Committee of Maastricht University Medical Centre. Written informed 

consent was obtained from all participants before entering the study. 

In the first study, subjects had to replace their own spreads during the 4 weeks run-

in period by a low-erucic acid rapeseed-oil based margarine (74% absorbable fat), of 

which minimal 20 g per day had to be consumed. For the second study, the 

participants had to replace their own spread with the experimental ‘light’ margarine 

(40% absorbable fat), of which 30 g per day had to be consumed. In both studies, 

fasting blood samples were collected by venipuncture at the end of the 4 weeks run-

in-periods. Serum and EDTA plasma were obtained by centrifugation at 2000 g for 

30 minutes at 4˚C, at least 1 hour after venipuncture, and at 2000 g for 30 minutes 

directly after sampling, respectively. Samples were stored at -80˚C until use. 
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Biochemical Measurements  

Serum HDL-C concentrations were determined after precipitation of apoB-

containing lipoproteins by adding a mixture of phosphotungstic acid and 

magnesium ions to the sample (CHOD/PAP method; Roche Diagnostics System, 

Hofmann-La Roche Ltd., Basel, Swiss). Serum apoA1 concentrations were measured 

using an immunoturbidimetric reaction (UNI-KIT ApoA1, Roche, Basel). Serum 

triacylglycerol was analyzed with correction for free glycerol concentrations (GPO-

Trinder; Sigma Diagnostics, St Louis, USA). All samples from one subject were 

analyzed within the same run. 

The ability of the HDL particles to promote cholesterol efflux from macrophages was 

measured as previously described [18]. Briefly, murine J774 macrophages were first 

cultivated in the presence of an acyl-coenzyme A:cholesterol acyltransferase (ACAT) 

inhibitor to block cholesterol esterification. The macrophages were radiolabeled 

with 2.5μCi 3H-cholesterol and - 24h after labeling - activated with cAMP in order to 

upregulate the efflux transporter ABCA1. Subsequently, apolipoprotein B 

containing lipoproteins from the human serum samples were precipitated using 

tungstophosphoric acid hydrate and magnesium chloride. After spinning, the 

supernatant containing the HDL particles was added to the radiolabeled 

macrophages and incubated for 4h. All steps were performed in the presence of the 

ACAT inhibitor. The amount of efflux of radioactive cholesterol from the cells was 

quantified by using liquid scintillation counting (% of the efflux of a standard 

serum). Three pooled serum controls from healthy subjects were included in each 

assay, and the efflux capacity values obtained for each subject were normalized to 

the average efflux capacity value of these pooled sera, which was set to 100%. Each 

sample was analyzed in triplicate.  Proteins involved in cholesterol efflux from 

macrophages, such as ABCA1, ABCG1 and SRB1 are an intrinsic part of the assay as 

they are part of the J774 macrophages and therefore similar in all analyses. However, 

the HDL fraction added to these cells is subject-specific. 

CETP mass was quantified in plasma samples with an enzyme-linked 

immunosorbent assay (ELISA) using a CETP-specific recombinant single-chain 

antibody as coating antibody and an affinity-purified polyclonal anti-CETP 

antibody as detection antibody, as previously described [19]. CETP-activity 

measurements were performed by incubating whole plasma with radiolabeled HDL 

and the ability of exogenous HDL to transfer cholesteryl ester (CE) to apoB-

containing lipoproteins was measured as previously described [20, 21]. Cholesteryl 

ester transfer was measured as the fraction of the total radiolabeled-CE transferred 

to apoB-containing lipoproteins compared with controls. Results were expressed as 

the percentage decrease of 3H-CE in the supernatant of total radiolabeled-CE. 
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SNP analysis  

Genomic DNA was isolated from leukocytes, using QIAamp genomic DNA 

isolation Kit (Qiagen, Hilden, Germany) according to manufacturer's instructions. 

In each sample, 26 SNPs located in genes involved in the RCT pathway (ABCA1, 

ABCG1, LXR, SRB1, CETP and the apoA5/A4/C3/A1 cluster) were analyzed using 

custom made GoldenGate BeadChips following the GoldenGate Genotyping Assay 

manual (Illumina, San Diego, USA). Loci names and their functional consequences 

are shown in Supplemental Table S2.  

 

Statistical analysis 

First, differences in baseline characteristics between men and women were 

examined using an independent t-test. Then, relationships between cholesterol 

efflux capacity with BMI and use of statins were analyzed using an independent t-

test. For BMI, subjects were categorized into normal weight subjects (BMI < 25 

kg/m2) and overweight and obese subjects (BMI ≥ 25 kg/m2). Pearson correlation 

coefficients between plasma cholesterol efflux capacity with age and HDL-C were 

also calculated. Finally, all these variables (gender, BMI-group, use of statins, age 

and HDL-C concentrations) were included into one multiple linear regression model 

to examine the independent contributions of these factors to plasma cholesterol 

efflux capacity. Variables with a P-value <0.1 were included into subsequent 

analyses.  

Multiple linear regression analysis was also used to study associations between 

plasma cholesterol efflux with parameters related to HDL metabolism (total 

cholesterol, LDL-C, triacylglycerol and apoA1 concentrations, CETP-mass and 

CETP-activity) after adjusting for the use of statins and age. 

Relationships between SNPs with cholesterol efflux capacity were analyzed using 

the General Linear Model (GLM) procedure. Results were adjusted for the factors 

use of statins, age and HDL-C concentrations. If a SNP reached statistical 

significance, a Bonferroni correction was applied to compare the three genotype-

groups of a SNP pairwise. Based on these results, a dominant or a recessive 

association model was build with adjustments for the variables use of statins, age 

and HDL-C concentrations. A dominant model was used if the least frequent 

homozygous genotype (e.g. mm) showed a comparable efflux capacity than the 

heterozygous genotype (e.g. mM). In that case, mm+mM were compared with MM. 

Similarly, in a recessive model mm was compared with mM+MM. A p-value ≤ 0.05 

was considered significant. All statistical analyses were performed with SPSS 20.0 

for Mac OS.  
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Results 

Association between subject characteristics with plasma cholesterol 

efflux capacity 

Among the study population, 26.3% of the women and 52.0% of the men were using 

statins. Table 1 shows that BMI, total cholesterol and LDL-C concentrations were 

comparable between men and women. In contrast, HDL-C (+28%; p≤0.001) and 

apoA1 concentrations (+19%; p≤0.001), CETP mass (+19%; p=0.007) and cholesterol 

efflux capacity (+11%; p=0.039) were significantly higher in women as compared 

with men, whereas cholesteryl ester transfer (-4%; p=0.027) and triacylglycerol 

concentrations (-25%; p=0.012) were significantly lower in women. Moreover, 

women were on average 10 years younger as compared with men (p=0.001). 

Cholesterol efflux in normal-weight subjects (BMI < 25 kg/m2; 22.2 ± 2.1 kg/m2; n=70) 

was 93.8 ± 25.9 % and comparable to the value of 95.1 ± 23.2 % in overweight and 

obese subjects (BMI ≥ 25 kg/m2; 26.7 ± 5.0 kg/m2; n=37; p=0.791 for the difference). 

Cholesterol efflux capacity was similar between the subjects using statins (96.6 ± 

25.3%; n=41) as compared to subjects without a statin treatment (92.7 ± 24.7%; n=66; 

p=0.430 for the difference). Moreover, cholesterol efflux was not correlated with the 

age (r=-0.74; p=0.448). However, multiple linear regression analysis showed that the 

use of statins (β=17.7; p=0.014) and HDL-C concentrations (mmol/L) (β=20.4; p=0.012) 

were significantly related to plasma cholesterol efflux capacity, while a tendency 

was observed for age (years) (β=-0.3; p=0.083). No associations with gender (men vs. 

women: β=-3.7; p=0.496) and BMI-group (high vs. low: β=7.4; p=0.187) were found. 

Supplemental Table S1 shows that after adjustment for age and HDL-C 

concentrations, subjects using atorvastatin (107.1 ± 22.8%; n=10; p=0.032) had a 

significantly higher cholesterol efflux capacity as compared to non-statins users (92.7 

± 24.7%; n=66). No differences between the other types of statin with the non-statins 

users were found. After adjusting for the use of statins and age, multiple linear 

regression analysis showed that cholesterol efflux was associated with apoA1 (g/L) 

(β=28.3%; p=0.003) and total cholesterol concentrations (mmol/L) (β=6.8%; p=0.048), 

but not with LDL-C (mmol/L) (β=1.7%; p=0.655) and triacylglycerol concentrations 

(mmol/L)  (β=1.4%; p=0.724), CETP-mass (µg/mL) (β=8.1%; p=0.140) or CETP-activity 

(%) (β=-0.1; p=0.773). 
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Table 1: Baseline characteristics of the study population 

 
All subjects 

(n=107) 

Men 

(n=50) 

Women 

(n=57) 

Use of statins (%) 38.3 52 26.3 

Age (years) 42.8 ± 18.0 48.7 ± 16.6 37.6 ± 17.7*** 

Body mass index (kg/m2) 23.7 ± 4.0 23.9 ± 4.6 23.5 ± 3.4 

Total Cholesterol (mmol/L) 5.10 ± 0.76 5.05 ± 0.75 5.15 ± 0.77 

LDL-C (mmol/L) 3.02 ± 0.71 3.09 ± 0.70 2.96 ± 0.72 

HDL-C (mmol/L) 1.55 ± 0.37 1.35 ± 0.29 1.73 ± 0.34*** 

Triacylglycerol (mmol/L) 1.16 ± 0.69 1.34 ± 0.75 1.01 ± 0.60** 

Apolipoprotein A1 (g/L) 1.64 ± 0.27 1.49 ± 0.19 1.78 ± 0.26*** 

CETP mass (µg/mL) 1.34 ± 0.45 1.22 ± 0.40 1.45 ± 0.47** 

Cholesteryl ester transfer (%) 59.9 ± 5.2 61.1 ± 4.0 58.8 ± 6.0* 

Cholesterol efflux capacity (%) 94.2 ± 24.9 88.9 ± 22.5 98.8 ± 26.1* 

Values are means ± SD  

Significantly different between men and women: *p≤0.05, **p≤0.01, *** p≤0.001 

 

Association between genetics polymorphism with plasma cholesterol 

efflux capacity 

The genotype distribution and the relationship between the selected SNPs coding 

for genes involved in the RCT pathway with cholesterol efflux capacity are reported 

in Table 2. Plasma cholesterol efflux capacity was significantly associated with 1 

SNP in ABCA1 (rs2066716; p=0.015), 2 SNPs in LXRβ (rs2248949 and rs2695121; both 

p≤0.001) and 1 SNP in CETP (rs1864163; p=0.026). A trend was found for 1 SNP in 

ABCG1 (rs2839482; p=0.074), while no relationships were found with the analyzed 

SNPs in the apoA5/A4/C3/A1 cluster or SRB1 gene. 
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Next, multiple regression analysis was performed using a recessive or a dominant 

model for the 5 SNPs with a p-value < 0.1. For ABCA1 (rs2066716) a dominant model 

was used, as only 2 subjects (1.9%) were carriers of the minor genotype AA. An 

increased capacity to mediate cholesterol efflux from human macrophages was 

observed in people carrying the A allele as compared with people carrying the GG 

genotype (+14.8%; p=0.026) (Figure 1A). For ABCG1 (rs2839482), when using a 

recessive model, it was found that people carrying the GG genotype had a higher 

plasma cholesterol efflux capacity (+20.2%; p=0.044) compared with people carrying 

the A allele (Figure 1B). For LXR (rs2248949) a recessive model was used and a 

reduction in the plasma cholesterol efflux capacity (-17.4%; p≤0.001) was observed 

in people carrying the GG genotype compared with those carrying the A allele. 

Finally, for the locus rs2695121 of the LXR gene, a dominant model was used and an 

increased cholesterol efflux capacity (+21.1%; p≤0.001) was observed in people 

carrying the A allele compared to those carrying the GG genotype (Figure 1C-1D). 

People carrying the GG genotype for CETP (rs1864163) showed an increased plasma 

cholesterol efflux capacity (+14.7%; p≤0.01) compared to those carrying the A allele, 

when using a dominant model (Figure 1E).  
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Figure 1: Association between selected SNPs with apoB-depleted serum cholesterol efflux capacity (%), 

using dominant models (A; D; E) or recessive models (B; C).  

Values are means ± SE. The black bars in the left panels refer to the least frequent homozygous genotype. p-values 

have been adjusted for the variables use of statins, age and HDL-C concentrations. *p≤0.05, **p≤0.01, ***p≤0.001, 

#p<0.08. 
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Discussion 

We found that SNPs located in key genes involved in the RCT pathway (ABCA1, 

ABCG1, LXRβ and CETP) were associated with the ability of HDL particles to 

promote cholesterol efflux from macrophages. In addition, significant positive 

correlations between cholesterol efflux capacity with HDL-C and apoA1 

concentrations were found, which is in line with other studies [5, 22]. Also, 

cholesterol efflux capacity was significantly higher in women than in men. This 

difference in cholesterol efflux however could be explained by the higher HDL-C 

concentrations of the women, as the gender effect did not reach statistical 

significance anymore after adjustment for HDL-C concentrations.  

 

Earlier studies have already reported that SNPs located in the ABCA1 and ABCG1 

genes are related to HDL-C and apoA1 concentrations [23-25]. Also, mutations in 

the ABCA1 gene have been associated with decreased HDL-C concentrations, a 

lower cholesterol efflux capacity, and an increased risk for CVD [26]. The importance 

of ABCA1 and ABCG1 in cholesterol efflux has further been demonstrated in studies 

with mice. When ABCG1 was knocked down, cholesterol efflux was reduced and 

even further decreased when both ABCG1 and ABCA1 were knocked down [27]. 

These ABC-transporters assist in the transport of cholesterol from macrophages to 

HDL particles, but to different classes of HDL particles. ABCA1 is involved in the 

transfer of cholesterol to lipid-poor apoA1, i.e. pre-β HDL, while ABCA1 and 

particularly ABCG1 donate cholesterol to mature HDL, i.e. HDL2 and HDL3 [28-30]. 

No previous studies have examined associations between the SNP in ABCG1 

(rs2839482) with cholesterol efflux capacity. For the SNP in ABCA1 (rs2066716), in 

one study a relation with HDL-C concentrations was observed, but not with 

cholesterol efflux [31]. However, results may be difficult to compare with ours as 

another method to measure cholesterol efflux was used. In their assay, efflux from 

macrophages cultured from isolated monocytes of each individual participant to 

purified human lipid-free apoA-I was measured. Also, only 43 men were studied. 

Villard et al., however, have reported in 450 men that another SNP in the ABCA1 

gene (rs2230806) was significantly related to plasma cholesterol efflux capacity [11]. 

In that study, men, but not women, carrying the minor allele had a 16.1% higher 

cholesterol efflux. In contrast, we did not find any association between this SNP with 

cholesterol efflux, which may relate to the lower number of subjects in our study 

compared with the study of Villard and colleagues. 

LXRβ is involved in the activation of ABCA1 and ABCG1 [4, 32]. Minor alleles in the 

LXRβ gene (rs2695121 and rs2248949), i.e. the same as in our study, have been found 

to be associated with obesity [33] and impaired glucose metabolism [34]. We showed 
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that people carrying the minor allele for rs2248949 had a lower capacity to promote 

cholesterol efflux from macrophages. As LXRβ plays a central role and is a key 

regulator of several metabolic pathways, these results together suggest that SNPs in 

the LXRβ gene may be related to a wide variety of different metabolic disorders.  

Finally, we showed that people carrying the minor allele A for rs1864163, a SNP in 

the CETP gene, had a lower cholesterol efflux capacity. This allele is associated with 

lower HDL-C concentrations [35]. Subjects with CETP deficiency, who have higher 

HDL-C concentrations, also have an increased cholesterol efflux [27]. However, all 

our statistical analyses have been adjusted for HDL-C concentrations, meaning that 

differences in HDL-C concentrations between the subjects cannot explain our 

finding. Also, CETP activity may be positively associated with cholesterol efflux 

capacity from macrophages [36], and CETP protein may be associated with HDL 

particles [37], but we did not find any relations between CETP mass or activity with 

cholesterol efflux. Differences in cholesterol efflux therefore cannot be explained by 

differences in CETP activity or mass.  

Differences in the number or composition of non-HDL particles between the 

samples of our subjects cannot explain the results, as the assay used was free of 

apoB-containing lipoproteins. It should also be realized that the proteins from the 

genes studied (ABCA1, ABCG1, LXRβ and CETP) are not part of the HDL particles 

added to the murine J774 macrophages for the cholesterol efflux measurements. This 

raises the question if the SNPs that were studied are related to the composition and 

the size of the HDL particles as present in the plasma samples, as has also been 

shown for other SNPs [25, 38-40]. In fact, HDL particles size distribution is a 

determinant of the functionality of the total HDL fraction [30]. Both ABCA1 and 

ABCG1-mediated pathways contribute in cholesterol efflux to large HDL2 particles 

[30]. It is also known that women have more HDL2 particles than men [41], and that 

these larger HDL2 particles are related to an increased cholesterol efflux capacity via 

the SR-BI pathway in healthy women with increased HDL-C concentrations [42]. 

However, this seems to contradict studies suggesting that the major mediator of 

cholesterol efflux is small and dense pre-β HDL particles [30, 43]. In addition, Villard 

et al. showed that genetic determinants relate to plasma cholesterol efflux capacity 

in a sex-specific manner [11], which might be due to gender differences in HDL 

particles size distribution. However, whether the SNPs studied in our study are 

related to HDL particle size distribution warrants further investigation.  

In addition, all the SNPs studied were present within non-coding sections of the 

genes. It is therefore possible that SNPs were in linkage disequilibrium with other 

SNPs that have a functional impact on cholesterol efflux. Further, SNPs in non-

coding regions can alter splicing of the mRNA and thereby modify the sequence in 

amino-acids and the function of the protein associated [44]. Moreover, introns may 
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affect gene expression through a not well-understood mechanism called intron-

mediated enhancement (IME) [45]. Whatever the explanation, the proteins from 

these genes were not part of the assay, suggesting they have already modulated the 

functionality of the HDL particles in the circulation, before being sampled.  

 

We found that the use of statins was related to a higher cholesterol efflux capacity. 

In one other study, rosuvastatin enhanced the capacity of HDL to promote 

cholesterol efflux via the ABCA1 pathway, without any changes in the HDL-C 

concentrations [46], but in other studies no effects of atorvastatin, pravastatin or 

simvastatin were found [5, 46, 47], [48]. It is also possible that different classes of 

statins impact differently cholesterol efflux capacity of HDL particles. However in 

our present study, the subjects that were on a current treatment with statins were 

not all using the same type of statins, although most of the subjects were using 

pravastatin [17]. 

 

Although the assay used to measure cholesterol efflux is inversely correlated with 

CVD [5], it predominantly quantifies one step of the RCT pathway, i.e. the ABCA1-

mediated cholesterol efflux, as its expression has been maximized with cAMP 

treatment. This assay also measures efflux via other parts of the RCT pathway, such 

as the SR-B1 and ABCG1-mediated pathways, and aqueous diffusion of free 

cholesterol, but to a lesser extent. However, it does not measure cholesterol excretion 

via its conversion into bile acids [49]. Our results do not therefore reflect the 

efficiency of the entire RCT pathway. 

 

In conclusion, the present study demonstrates that cholesterol efflux capacity of the 

HDL fraction in plasma is related to SNPs located in genes encoding for ABCA1, 

ABCG1, LXRβ and CETP. Underlying mechanisms are unclear as these proteins are 

not all present in the HDL particles used in the cholesterol efflux assay. Although 

cholesterol efflux capacity is inversely associated with the incidence of CVD [50], it 

is also unknown if these specific SNPs are related to an increased risk to develop 

CVD, which warrants further investigation. 
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Supplementary data 

 

Table 1: Type of statin used by the subjects  

Type of  

statin 

Subjects 

F/M 

Cholesterol efflux  

(%) 

Simvastatin 3/7 90.1 ± 11.7 

Pravastatin 5/14 94.7 ± 31.8 

Atorvastatin 5/5 107.1 ± 22.8* 

Rosuvastatin 1/0 102.6 

Fluvastatin 1/0 88.3 

None 42/24 92.7 ± 24.7 

Values are means ± SD. 

F: Female; M: Male 

p-values were adjusted for the variables age and HDL-C concentrations, after Bonferroni correction 

Significantly different from the non-statin users: *p≤0.05 
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Table 2: Functional consequences of the selected SNPs  

Genes Loci names Functional consequences 

ABCA1 

rs2230806 

rs4149268 

rs1800977 

rs2066716 

missense 

intron variant 

intron variant 

synonymous codon 

ABCG1 
rs915843 

rs2839482 

intron variant 

intron variant 

LXRα 
rs11039155 

rs2279238 

intron variant 

synonymous codon 

LXRβ 

rs2248949 

rs17373080 

rs1405655 

rs2695121 

intron variant 

upstream variant 2KB 

intron variant 

intron variant 

SRB1 rs5888 synonymous codon 

CETP 

rs1566439 

rs1800777 

rs1864163 

rs12596776 

rs9989419 

rs5882 

rs1800775 

rs3764261 

intron variant 

missense 

intron variant 

intron variant 

/no information 

missense 

upstream variant 2KB 

/untested 

Cluster 

apoA5/A4/C3/A1 

rs651821 

rs5128 

rs662799 

rs619054 

rs12286037 

utr variant 5’ 

utr variant 3’ 

upstream variant 2KB 

utr variant 3’ 

intron variant 
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Abstract 

Background and Aims: MicroRNAs (miRNAs) can be incorporated into high-

density lipoproteins (HDL) particles, transmitted to recipient cells and as such, 

might facilitate HDL functionality. However, not much is known about the effects 

of diet on miRNAs concentrations and HDL-mediated cholesterol efflux. Chocolate 

consumption is associated with a reduction in the risk to develop cardiovascular 

disease (CVD), which might be attributed to theobromine, a methylxanthine found 

in cocoa. Therefore, the aim of this study was to investigate the effects of long-term 

theobromine consumption on fasting and postprandial HDL-mediated cholesterol 

efflux and on miRNAs levels in apolipoprotein B (apoB)-depleted serum, in 

overweight and obese men and women. 

Methods: Thirty overweight and 14 obese healthy subjects were included in this 

randomized, double-blind crossover study. Participants had to consume 500 mg of 

theobromine or placebo daily for 4 weeks. At the end of the intervention, fasting and 

postprandial samples were collected. Cholesterol efflux was measured in BODIPY-

labeled murine J774 macrophages with cAMP induced ABCA1 transporter 

activation, and incubation with apolipoprotein B–depleted serum samples of the 

subjects. Three miRNAs known to be associated with HDL particles were selected 

(miR-92a; miR-223 and miR-135a*), and their levels in apoB-depleted serum  were 

quantified by TaqMan MicroRNA Assays.  

Results: 4 weeks theobromine consumption did not affect fasting and postprandial 

HDL cholesterol efflux. Fasting miR-223 and miR-135a levels were unchanged, 

while miR-92a levels were decreased after the intervention (-0.21; p<0.05). High fat 

meal intake increased postprandial cholesterol efflux capacity by 4.3 percentage 

point (p≤0.001), as well as miR-92a (+1.21; p<0.001) and miR-223 (+1.79; p<0.001) 

levels, while a trend was found for miR-135a levels (+1.08; p=0.06).  

Conclusions: Theobromine consumption did not improve cholesterol efflux 

capacity at baseline and postprandially, while it decreased fasting levels of miR-92a. 

In addition, high fat meal intake increased postprandial cholesterol efflux and levels 

of the three selected miRNAs. 
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Introduction 

MicroRNAs (miRNA) are small, non-coding RNAs composed of about 22 

nucleotides that bind to complementary sites in the 3’UTR region of their target 

RNAs, thereby inhibiting gene expression through post-transcriptional regulation 

[1]. MiRNAs can be encapsulated within vesicles, such as exosomes, which are 

subsequently released into the circulation. However, miRNAs can also bind to 

protein complexes or be associated with lipoproteins [2]. Vickers et al. were the first 

to demonstrate that high-density lipoprotein (HDL) particles isolated from human 

plasma contain miRNAs, which can subsequently be transmitted in vitro to 

hepatocytes cells via scavenger receptor BI (SR-BI) [3]. In addition, HDL miR-223 

can be transferred from HDL particles to human coronary artery endothelial cells, 

also through SR-BI [4]. MiRNAs are also transported by other lipoproteins, but in 

smaller amounts [5].  

In humans, the HDL-miRNAs signature is different under cardiovascular and 

hypercholesterolemic conditions, although the specific roles of the different 

miRNAs are largely unknown [3]. Among the many miRNAs, miR-223, miR-135a 

and miR-92a belong to the most abundant HDL-associated miRNAs [3, 5, 6]. MiR-

223 has previously been reported to indirectly increase cholesterol efflux, the main 

anti-atherogenic effect of HDL [7]. Whether miR-135a and miR-92a are also related 

to cholesterol efflux has never been studied.  

Not much is known about the effects of diet on HDL-mediated cholesterol efflux and 

miRNAs concentrations, which may provide explanations for observed associations 

between diet or dietary components with CVD-risk. Chocolate consumption, for 

example, is associated with a reduction in the risk to develop cardiovascular disease 

(CVD) [8]. These effects may be mediated through effects on flow-mediated 

vasodilation, which has been reported to increase after dark chocolate intake [9]. 

Also, HDL-C concentrations may increase, although results are controversial [10-12]. 

However, it is questionable whether increasing HDL-C concentrations protects 

against CVD [13]. Further, it has been suggested that only dark chocolate have 

cardio-protective effects. Dark chocolate is rich in methylxanthines, including 

theobromine [14], which may increase HDL-C and apoA-I concentrations, the main 

apolipoprotein within HDL [15]. However, effects of theobromine consumption on 

fasting and postprandial HDL-mediated cholesterol efflux capacity have never been 

investigated. In fact, not much is known at all about changes in cholesterol efflux 

during the postprandial phase, although disturbances in postprandial lipoprotein 

metabolism are an important risk factor for CVD [16, 17]. Therefore, the effect of 

theobromine intake on HDL-mediated cholesterol efflux capacity was investigated 

in 44 overweight and obese men and women. In addition, changes in miRNAs levels 

in apolipoprotein B (apoB)-depleted serum (e.g. miR-223, miR-135a, and miR-92a) 
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following theobromine and meal consumption were examined. Finally, 

relationships between changes in the expression of these miRNAs and variations in 

cholesterol efflux capacity as well as serum lipids were assessed. 

 

 

Materials and Methods  

Subjects 

Thirty overweight (body mass index, BMI, kg/m2: 25–30) and 14 obese (BMI: 30–35) 

apparently healthy subjects participated in this study, which examined the effects of 

theobromine consumption on cardiometabolic health. The 28 men were aged 

between 45-70 years (60.2 ± 5.2 years), with a BMI of 28.6 ± 2.7. Six of the men were 

obese. The 16 women were aged between 50-70 years (60.5 ± 6.0 years) with a BMI 

of 30.2 ± 3.2. Eight of the women were obese. All subjects had low baseline HDL-C 

concentrations (<1.2 mmol/L for men and <1.5 mmol/L for women) and were not 

using any medications. Full details of the inclusion criteria have been published 

before [18]. The study was conducted according the ethical guidelines of the 1975 

Declaration of Helsinki and approved by the Ethics Committee of Maastricht 

University Medical Centre. Written informed consent was obtained from all 

participants before entering the study. The study was registered at clinicaltrials.gov 

as NCT02209025. 

 

Studies design 

This study had a randomized, double blinded placebo-controlled, crossover design, 

including 2 intervention periods of 4-weeks, which were separated by a 4-week 

washout period. Two weeks before the start of the study and during the study, 

subjects had to avoid the use of products containing cocoa, as well as to limit their 

consumption of caffeine-containing drinks, as theobromine is a metabolite of 

caffeine. Subjects were randomly allocated to a group starting with a theobromine 

or placebo drink. During the 4 weeks intervention periods, subjects had to consume 

daily a 20 ml drink enriched with either 500 mg theobromine or placebo. At the end 

of both 4 weeks intervention periods (day 28), subjects participated in a postprandial 

test, for which they had to consume a shake (460 ml) that provided 965 kcal (17.9 g 

proteins, 85.7 g carbohydrates and 60.6 g fat), which had to be consumed within 10 

minutes together with their test drink (Supplemental Table 1). 
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Blood sampling 

At day 28 of both the intervention and the placebo period, an intravenous cannula 

was inserted into a forearm vein and fasting blood samples were collected before the 

intake of the shake (T=0). Postprandial blood samples were sampled 2 hours (T=120) 

following shake consumption. Blood was collected in a 4 mL EDTA tube and then 

centrifuged at 1300 x g for 15 minutes at 4˚C to obtain plasma. To obtain serum, 

samples were allowed to clot for 1 hour at 20˚C, and then centrifuged at 1300 x g for 

15 min at 20˚C. Plasma and serum supernatants were transferred into 1.5 ml 

Eppendorf tubes and stored at -80˚C until use.  

 

Biochemical Measurements  

In all fasting (T=0) and postprandial (T=120) serum samples obtained at day 28 of 

both periods, HDL-C concentrations (precipitation of apoB-containing lipoproteins; 

Roche Diagnostics System, Hofmann-La Roche Ltd., Basel, Swiss), apoA1 

(immunoturbidimetric reaction; Horiba ABX, Montpellier Cedex, France) and 

triacylglycerol (TAG) (TRIGL: ACN 8781; Roche, Mannheim, Germany) 

concentrations were determined. All samples from one subject were analyzed within 

the same run. As only values at day 28 were used in the present study, results may 

therefore slightly differ from the original study, which reported the average values 

[18]. 

The ability of the HDL particles to promote cholesterol efflux from macrophages was 

measured as previously described [19]. Briefly, murine J774 macrophages were 

cultivated and incubated overnight with BODIPY-cholesterol. Afterwards, 

macrophages were equilibrated with an ACAT inhibitor (Acyl CoA Acyltransferase 

Inhibitor; Sandoz 58-035) to block cholesterol esterification, and the cholesterol-

efflux transporter ABCA1 was upregulated with cAMP (cyclic adenosine 

monophosphate; C3912, Sigma). To obtain HDL, human serum samples were 

depleted of apolipoprotein-B containing lipoproteins using tungstophosphoric acid 

hydrate and magnesium chloride, and the isolated HDL particles were then 

incubated with the labeled macrophages. All steps were performed in the presence 

of 1 µl/ml of ACAT inhibitor. For normalization, serum samples from two healthy 

subjects were included in each assay. The efflux capacity values obtained for each 

subject were normalized to the average efflux capacity value of these two pooled 

serum, which was set to 100% (% pools). All samples were analyzed in triplicate. 
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MicroRNAs analysis 

HDL isolation 

HDL particles were isolated from plasma samples by an apoB-containing 

lipoprotein depletion method, using polyethylene glycol (PEG, molecular weight 

(MW) 6,000; Sigma-Aldrich, St. Louis, MO), as previously described [20]. Briefly, 200 

µl PEG (200 mg/ml) was added to 500 µl of plasma. Samples were incubated for 20 

min at room temperature, and centrifuged at 10 000 rpm for 30 min. Supernatants, 

containing the HDL particles, were collected in 1.5 mL Eppendorf tubes and stored 

at -80˚C until use.  

 

Total RNA isolation 
Total RNA was isolated from 150 µl isolated HDL, using the miRVana PARIS kit 

(Ambion, Austin, TX, USA). Samples were eluted with 50 µl pre-heated at 95 °C 

elution solution. For normalization of miR expression, samples were spiked with 1.6 

µl of 5 nM of Caenorhabditis elegans (cel) miR-39 (cel-miR-39, RNA oligonucleotide, 

Sigma-Aldrich) after the addition of the denaturing solution. Cel-miR-39 was used 

as external control because of the absence of homologous sequences in humans [21].  

 

MicroRNA individual TaqMan assays  

MicroRNAs known to be present in HDL particles and described to be altered in 

cardiometabolic diseases were chosen, i.e. miR-135a*, miR-223-3p and miR-92a [3, 5, 

6]. The primer sequences used are shown in Table 1.  

 

Table 1: miRNAs primer sequences 

miRNA Primers sequence 

hsa-miR-135a* (3p) [3] 5’ UAUAGGGAUUGGAGCCGUGGCG 3’ 

hsa-miR-223-3p [3] 5’ UGUCAGUUUGUCAAAUACCCCA 3’ 

hsa-miR-92a [6] 5’ UAUUGCACUUGUCCCGGCCUGU 3’ 

cel-miR-39 [53] 5’ UCACCGGGUGUAAAUCAGCUUG 3’ 

 

Total RNA was reverse transcribed using the TaqMan MicroRNA Reverse 

Transcription Kit (Applied Biosystems, Thermo Fisher Scientific, USA) in a total 

reaction volume of 15 µl. Briefly, 6 µl of the total RNA including the external control 

(5nM) was used in addition with 3 µl of the specific miRNAs primer (5X) and 6 µl 

of the Mix solution (i.e. 1.5 µl 10X RT buffer, 0.15 µl dNTPs, 0.19 µl RNAse inhibitor, 
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1 µl Multiscribe RT enzyme and 3.16 µl water). The reaction mixtures were 

incubated at 16 °C for 30 min, followed by 30 min at 42 °C and 5 min at 85°C, and 

then held at 4 °C.  

Subsequently, individual TaqMan MicroRNA Assays (Applied Biosystems, USA) 

were used for detection of miRNAs expression by real-time PCR. For this, 3 µl of the 

reverse transcription product was mixed with 10 µl of the Taqman Universal PCR 

Master Mix II (2X) no AmpErase UNG (Applied Biosystems, USA), together with 1 

μl of specific miRNAs primer (20X) and water to a final reaction volume of 20 μl. 

Real-time PCR was performed in duplicate on a 7300 real-time PCR system (Applied 

Biosystems, USA), and the reaction mixtures were incubated at 95 °C for 10 min, 

followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The cycle threshold (CT) 

values were calculated with SDS v1.4 software using automatic threshold (Applied 

Biosystems, USA). The expression levels of the target miRNAs in apoB-depleted 

serum were normalized relative to the expression of cel-miR-39, and were calculated 

using the 2−ΔΔCT method in order to determine the fold change in gene expression 

[22]. 

 

Statistics 

A paired-samples t-test was used to examine the effects of theobromine on fasting 

parameters. Postprandial changes were calculated as the difference between 2 hours 

(T=120) after the intake of the mixed meal and fasting measurements (T=0), and were 

analyzed during the placebo and theobromine period separately with a paired-

samples t-test. Differences in postprandial changes between the two periods were 

also analyzed with a paired-samples t-test.  

For the miRNAs analysis, Grubbs’ test was used for the detection of outliers that 

were not physiologically plausible, which were removed from analysis. To examine 

the postprandial and diet effects on miRNAs levels, a one-samples t-test was used, 

with the baseline test value (T=0 or Placebo) set to 1. Differences in changes in 

miRNAs levels between the two periods were performed with a paired-samples t-

test. Correlations between fold changes of miRNA levels with age, as well as with 

changes in biochemical parameters (cholesterol efflux capacity and concentrations 

of HDL-C, apoA-I and TAG) after the high-fat test meal intake were performed using 

bivariate Pearson correlation coefficients.  

A P value ≤ 0.05 was considered significant. All statistical analyses were performed 

with SPSS 23.0 (IBM, Armonk, NY) for Mac OS. 
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Results 

Effects of theobromine on fasting and postprandial cholesterol efflux, 

serum lipids and lipoproteins  

Four weeks theobromine supplementation did not affect fasting cholesterol efflux 

capacity (+0.4 percentage point (pp); 95% CI: -2.81, 3.57; p=0.81), but significantly 

increased HDL-C concentrations (+0.04 mmol/L; 95% CI: 0.003, 0.07; p<0.05). 

Furthermore, apoA1 (+0.01 g/L; 95% CI: -0.02, 0.05; p=0.50) and TAG concentrations 

(0.15 mmol/L; 95% CI: -0.03, 0.33; p=0.10) did not change.  

During the control period, the intake of the test meal significantly increased 

cholesterol efflux after 2 hours (+4.3 pp; 95% CI: 1.87, 6.68; p≤0.001). However, 

during the theobromine period no postprandial increase was observed (+1.6 pp; 95% 

CI: -1.25, 4.42; p=0.26). The test meal did not affect HDL-C concentrations in both 

conditions, i.e. without (+0.01 mmol/L; 95% CI: -0.01, 0.03; p=0.16) or with 

theobromine; (+0.003 mmol/L; 95% CI: -0.01, 0.02; p=0.69), During the control period, 

apoA1 concentrations (+0.02 g/L; 95% CI: 0.004, 0.05; p<0.05) and TAG 

concentrations (+1.23 mmol/L; 95% CI: -1.04, 1.43; p≤0.001) significantly increased 

after test meal consumption. Comparable results were found during the 

theobromine period (apoA1: +0.03 g/L; 95% CI: 0.01, 0.04; p<0.001; TAG: +1.23 

mmol/L; 95% CI: 1.03, 1.42; p<0.001).  

Postprandial changes were similar between both periods for cholesterol efflux (-2.7 

pp; 95% CI: -.657, 1.19; p=0.17), as well as for the concentrations of HDL-C (-0.01 

mmol/L; 95% CI: -0.04, 0.02; p=0.47), apoA1 (0.002 g/L; 95% CI: -0.02, 0.03; p=0.85) 

and TAG (0.02 mmol/L; 95% CI: -0.15, 0.18; p=0.85) (Table 2).  
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Effect of theobromine on fasting and postprandial miRNAs levels  

Using the Grubbs’ test for normality, 17 out of the 396 miRNA measurements carried 

out in this study were removed from the analysis. For the fasting results, 9 values 

were omitted. For the postprandial results, 5 values were removed in the placebo 

period, while 3 values were removed in the theobromine period.  

Theobromine supplementation for 4 weeks reduced fasting miR-92a levels (-0.21; 

95% CI: -0.38, -0.03; p<0.05), while no effects were found on miR-223 (+0.09; 95% CI: 

-0.22, 0.41; p=0.55) and miR-135a levels (-0.12; 95% CI: -0.35, 0.10; p=0.26; Figure 1). 

 

 

Figure 1: Fold changes of fasting miRNAs levels after 4 weeks of theobromine supplementation. 

Fasting gene expression after 4 weeks of theobromine consumption relative to fasting gene expression after 4 weeks 

of placebo consumption.  

Difference between theobromine and placebo (diet effect at T0) was performed with a one-samples t-test, with the 

test value set to 1: *p≤0.05 

miR-92a: n = 40 

miR-223: n = 41 

miR-135a: n = 42 

 

During both periods, i.e. with or without theobromine, miR-92a levels were 

significantly higher after meal consumption [(+1.21; 95% CI: 0.74, 1.67; p<0.001); 

(+0.43; 95% CI: 0.16, 0.69; p<0.01), respectively]. MiR-223 levels were also increased 

after the meal intake [(+1.79; 95% CI: 0.89, 2.68; p<0.001); (+2.33; 95% CI: 1.32, 3.35; 
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p<0.001), respectively]. Finally, miR-135a levels were increased during the 

theobromine period after test meal consumption (+1.08; 95% CI: 0.62, 1.54; p<0.001), 

while only a trend was observed during the control period (+0.23; 95% CI: -0.01, 0.46; 

p=0.06). Postprandial changes were significantly higher after the theobromine 

supplementation for miR-92a and miR-135a [(+0.85; 95% CI: 0.34, 1.36; p<0.01); 

(+0.78; 95% CI: 0.32, 1.25; p<0.01), respectively], as compared to the placebo period. 

No difference in the postprandial responses between the two periods was found for 

miR-223 (-0.37; 95% CI: -1.71, 0.97; p=0.58) (Figure 2). 

 

Correlation between changes in miRNAs levels with changes in 

biochemical parameters and cholesterol efflux capacity 

As miR-92a levels significantly decreased after 4 weeks of theobromine 

consumption, correlations between fasting changes in miR-92a levels and fasting 

changes in biochemical parameters and cholesterol efflux were calculated. No 

statistically significant associations were found, which was expected, as the 

parameters were not changed after the theobromine consumption. 

During the placebo period, postprandial changes in miR-223 levels significantly 

correlated with age (r=-0.43, p≤0.01) and with postprandial changes in TAG (r=0.31, 

p<0.05). No associations between postprandial changes in miR-92a and miR-135a 

with age and any of the changes in the clinical characteristics were observed.  
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Figure 2: Fold changes of postprandial miRNAs levels 2 hours after high-meal consumption. 

Postprandial gene expression (T=120) relative to the fasting gene expression (T=0), in the placebo and the 

theobromine group for: 

(A) miR-92a: Placebo: n = 41; Theobromine: n = 43 

(B) miR-223: Placebo: n = 43; Theobromine: n = 42 

(C) miR-135a: Placebo: n = 43; Theobromine: n = 44 

Postprandial effect was assessed with one-samples t-test, with the test value set to 1: T=120 significantly different 

from T=0; *p≤0.01; **p≤0.001; #=0.06 

Difference in changes between theobromine and placebo was performed with a paired-samples t-test: significantly 

different from change in placebo after meal consumption
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Discussion 

In this study, a daily intake of theobromine for 4 weeks did not affect fasting HDL-

mediated cholesterol efflux capacity. Also, fasting miR-223 levels, which have been 

related to cholesterol efflux in vitro [7], and miR-135a levels were unchanged. 

However, theobromine intake decreased fasting miR-92a levels. No correlation 

between changes in miR-92a and cholesterol efflux was found. In addition, the 

intake of the high fat meal increased postprandial cholesterol efflux capacity, as well 

as levels of the three selected miRNAs, i.e. miR-92a, miR-223 and miR-135a, but 

again no correlation between postprandial changes in efflux and miR expression was 

found.  

 

Cocoa may protect against CVD by affecting HDL metabolism [15, 23]. It is unlikely 

however that these potential effects are mediated by changing concentrations of 

HDL-cholesterol. First of all, effects of cocoa on HDL-cholesterol are not consistent 

[10-12], while it is debatable that increasing HDL-cholesterol protects against CVD 

[13]. We therefore postulated that cocoa may mediate HDL functionality, here 

defined as cholesterol efflux capacity. To the best of our knowledge, effects of cocoa 

and cocoa-rich products such as dark chocolate on cholesterol efflux have never been 

investigated. However, it has been suggested that flavonoids from cocoa, including 

flavones, isoflavones, flavanones, flavonols, flavanols, and anthocyanins [24], may 

improve cholesterol efflux capacity in vitro [25]. Extrapolation of these in vitro 

findings to the human in vivo situation is difficult, as the doses used in these in vitro 

studies were high as compared to the estimated dietary flavonoids intake from for 

example the US recommendations [26], while bioavailability and bioconversion of 

these compounds is not taken into account [25]. In two clinical studies, dietary 

anthocyanin increased cholesterol efflux capacity from macrophages in 

dyslipidemic [27] and hypercholesterolemic [28] adults. In contrast, consumption of 

isoflavones for 3 months did not affect SR-BI-[29] and ABCA1-mediated cholesterol 

efflux [30] in postmenopausal women. Thus, although some studies suggest that 

certain flavonoids have beneficial effects, our results do not suggest that 

theobromine consumption affects the ability of HDL to stimulate ABCA1-mediated 

cholesterol efflux from macrophages.  

Although postprandial dietary effects on cholesterol efflux have not been largely 

explored, it has been suggested that cholesterol efflux increases during the 

postprandial phase [31]. More recently, it was shown that ABCA1- and SR-BI-

mediated efflux pathways were increased at 4h and 8h after the meal, while ABCG1-

mediated efflux was unchanged [32]. Moreover, acute walnut oil consumption 

increased postprandial cholesterol efflux from THP-1 human monocytes 4 hours 
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after the intake, as compared to control [33]. Comparable results have been reported 

for the acute consumption of whole walnuts using J774 macrophages [34]. The fatty 

acid composition of the meal may be important, as a test meal with a high content 

of monounsaturated fatty acids increased cholesterol efflux from 4h to 8h after the 

intake, while polyunsaturated fatty acid had no effect. Changes in efflux capacity 

were associated with changes in the phospholipid composition of HDL particles 

[35]. We also found a postprandial increase in cholesterol efflux 2h after the intake 

of the test meal. However, this effect was not changed by theobromine consumption. 

As the phospholipid content of HDL is a significant predictor of cholesterol efflux 

capacity [36], the intake of a high-fat meal may lead to the production of more 

functional HDL particles, via an enrichement in in phospholipids. In addition, preβ-

HDL concentrations have been shown to increase in the postprandial state in 

overweight and obese subjects [37]. As preβ-HDLs are the primary acceptor of 

cholesterol via the ABCA1 transporter, it is likely that preβ-HDLs are partly 

responsible for the postprandial increase in cholesterol efflux.  

 

Effects of theobromine on miR-92a, miR-223 and miR-135a, three miRNAs known to 

be abundantly present in HDL particles, were investigated in the present study. 

MiR-92a expression in serum and plasma was increased in unstable CAD patients, 

suggesting that this miRNA could serve as biomarker for the detection of CAD [6, 

38]. Further, in plasma, miR-135a levels were decreased in subjects with familial 

hypercholesterolemia, while miR-223 levels were increased [3]. MiR-223 plays a role 

in cholesterol homeostasis and increased ABCA1-mediated cholesterol efflux from 

hepatocytes [7]. However, our results do not support this finding in J774 

macrophages. The associations between cholesterol efflux and miR-92a and miR-

135a have never been investigated, but we did not find any association between miR-

92a and miR-135a with cholesterol efflux capacity.  

Exosomes also carry specific miRNAs [3]. As exosomes and HDL particles have 

overlapping densities, the isolation of pure HDL particles is challenging [39]. MiR-

223 [40] and miR-92a [41] are present in exosomes, which might have contributed to 

the present results. To our knowledge, the presence of miR-135a in human exosomes 

has not been examined. 

Fasting miR-223 and miR-135a levels can be changed by dietary intervention. Four 

weeks of dietary trans fat consumption, from industrial or ruminant origin, 

increased concentrations of HDL-miR-223 and miR-135a. Variations in miR-223 

levels were associated with a decrease in HDL-C and an increase in CRP 

concentrations, while variations in miR-135a levels were associated with an increase 

in LDL-C and TAG concentrations [40]. In addition, HDL-miR-223 levels were 

reduced after 12 weeks weight loss using a high-protein diet, independent of HDL 
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composition and size [41]. In our present study, we found no effect of theobromine 

on miR-135a and miR-223, but fasting miR-92a levels were decreased. Although it is 

tempting to speculate about positive effects related to this effect since miR-92a might 

be involved in angiogenesis and atherosclerosis [6, 38, 42, 43], longer-term 

intervention studies specifically targeting miR-92a are needed before it can be 

concluded whether these effects of theobromine are beneficial or not. However, 

when found protective, changes in miR-92a levels are not associated with HDL-

efflux capacity, apoA-I and TAG concentrations, as they did not change after the 4 

weeks theobromine consumption. A slight increase in HDL-C concentrations was 

found after the theobromine supplementation, but this was also not associated with 

changes in miR-92a. Changes in HDL particles size and/or composition could be a 

possible explanation. However, we have recently reported that theobromine 

consumption for 4 weeks was not associated with changes in the cholesterol 

concentrations in total HDL particles, as well as in any of the HDL subfractions [44].  

 

This is the first time that the postprandial responses of miR-92a, miR-223 and miR-

135a have been investigated. Following meal intake, both miR-92a and miR-223 

levels were significantly increased, while those of miR-135a tended to increase. 

Postprandial changes in miR-92a and miR-135a were significantly higher after the 4 

weeks theobromine consumption. These findings are difficult to explain and were 

not related to postprandial changes in concentrations of HDL-C, apoA-I and TAG, 

or cholesterol efflux, which did not change. Not much is known regarding changes 

of miRNAs levels during the postprandial phase. A study performed in rats 

investigated the effect of proanthocyanidin consumption on miRNAs levels, and 

found a decreased in miR-122 and miR-33a levels in the liver 1h after intake [45]. In 

rainbow trout, levels of miRNAs involved in insulin signaling were increased 4h 

after meal intake [46]. However, no clear explanations for these postprandial 

changes were given but it was suggested that it might be attributed to changes in 

nutrients composition or to variation in hormonal factors.  Indeed, the postprandial 

increase in miRNAs levels might be related to the normal increase in insulin 

observed after meal intake, as our selected miRNAs have been shown to be involved 

in the regulation of insulin biosynthesis and signaling pathway [47, 48]. In addition, 

miRNAs are found in food products, and can be absorbed [49-52]. However, if the 

specific miRNAs studied in the present study are associated with food products and 

theobromine is not known. In addition, if the postprandial increases in miRNAs 

levels are due to absorption from dietary sources or to an increase in the expression 

of genes coding for miRNAs needs further investigations. In this study, a high fat 

meal was used for the postprandial test. It would be of interest to investigate if the 

same postprandial effects on miRNAs levels depend on macronutrient composition.  
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In conclusion, the present study shows that high-fat meal intake increases 

postprandial cholesterol efflux capacity, as well as miRNAs levels. However, 4 

weeks of theobromine consumption did not change HDL-mediated cholesterol 

efflux capacity at baseline and postprandially. In addition, theobromine could exert 

anti-atherogenic properties by reducing miR-92a levels. We cannot exclude that 

miRNAs carried by exosomes might have contributed to the present results. 
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Supplementary data 

 

Table 1: Composition of the test drinks (20ml) 

 Placebo Theobromine 

Theobromine (mg) - 500 

Microcrystalline cellulose (mg) 500 - 

Methyl cellulose (mg) 150 150 

Sucralose (mg) 10 10 

Sodium benzoate (mg) 100 100 

Anise 0.1% (mg) 20 20 

Water Until 20 g Until 20g 
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Abstract 

Background and Aim: Plant sterols and stanols consumption lower low-density 

lipoproteins cholesterol (LDL-C) concentrations, but may also affect high-density 

lipoprotein cholesterol (HDL-C) concentrations. However, effects on parameters 

related to HDL metabolism and functionality have hardly been studied. The aim of 

this study was therefore to investigate effects of plant sterol and stanol intake on 

HDL-related parameters, such as cholesterol efflux capacity, and cholesteryl ester 

transfer protein (CETP) mass and activity. 

Methods: Data from 2 earlier studies with healthy subjects (BMI≤32 kg/m2; aged 

between 18-65 years) were used. In study 1, 24 men and 42 women consumed for 8 

weeks 3.9 g/day plant stanols. In study 2, 26 men and 15 women consumed for 85 

weeks 2.5 g/day plant stanols or sterols. Cholesterol efflux was measured in 3H-

labeled murine J774 macrophages. CETP mass was measured by ELISA and CETP 

activity by quantifying the transfer of cholesteryl esters from radiolabeled 

exogenous HDL to apoB-containing lipoproteins. 

Results: Serum plant sterol concentrations were positively associated with serum 

HDL-C concentrations. Plant stanol ester consumption significantly decreased CETP 

mass by 0.15 µg/mL in both studies, but did not affect cholesterol efflux and CETP 

activity. No effect of the plant sterol esters was found on any of the HDL-related 

parameters examined.  

Conclusion: Plant stanol intake significantly decreased CETP mass, but not CETP 

activity and cholesterol efflux, while no effects of plant sterols were found. Further 

studies in populations with low HDL-C are needed to better understand their effects 

on HDL metabolism and functionality. 
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Introduction 

Different foods like margarines and yogurt drinks enriched with plant sterol or 

stanol esters are well recognized for their serum total and low-density lipoproteins 

cholesterol (LDL-C) lowering effects. Therefore, these foods are part of various 

dietary guidelines to lower cardiovascular diseases (CVD) risk [1]. Although the 

earlier studies did not indicate that serum triacylglycerol (TAG) concentrations were 

affected by plant sterol or stanol esters, later studies showed that effects did depend 

on baseline TAG concentrations. No effects were evident in normotriglyceridemic 

subjects, but in subjects with elevated serum TAG concentrations, consumption of 

both plant sterols and stanols lowered TAG concentrations, in addition to their LDL-

C lowering effect [1-4]. The exact mechanism underlying this TAG-lowering effect 

has not yet been established, but might relate to changes in hepatic very low-density 

lipoproteins (VLDL) production [5, 6] and/or intestinal fat absorption [7]. Whether 

plant sterols and stanols also have an effect on high-density lipoproteins (HDL) 

metabolism is less clear, as no changes in serum HDL cholesterol (HDL-C) and/or 

apoA-I concentrations were observed in individual studies so far. However, as TAG 

and HDL metabolism are closely related, effects on HDL cannot be excluded and 

may be found when studies in responsive groups are performed. After combining 

the individual data from 5 intervention studies, we have previously suggested that 

HDL-C concentrations increased in subjects with low HDL-C concentrations at 

baseline [2]. Whether this finding is real needs to be confirmed or refuted in 

intervention studies specifically designed for this purpose and using the optimal 

target population. However, given the current discussion whether changing HDL 

metabolism is relevant in the context of managing CVD risk, an additional question 

that needs to be answered is whether plant sterols and stanols do have an effect on 

more functional HDL-related parameters. Since HDL functionality can also be 

modulated even without changing serum HDL-C concentrations, we here evaluated 

the effects of plant sterol and stanol ester consumption on HDL-related parameters 

such as cholesterol efflux capacity, CETP mass and CE transfer activity. 

 

Materials and Methods 

Subjects 

The samples used in this study were from two studies previously carried out at 

Maastricht University. In the first study, the effects of vegetable oil based versus 

wood based stanol ester mixtures on serum lipids and hemostatic factors in non-

hypercholesterolemic subjects were studied. One hundred and twelve healthy 

subjects were included in the original study. However, stored samples were only 
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available for 24 men and 42 women. To be able to participate in this first study, 

subjects had to be healthy with a BMI< 30 kg/m2 and aged between 18-65 years. Full 

details of the inclusion criteria have been published before [8]. In the second study, 

the effects of long-term plant sterol or stanol ester consumption on lipid and 

lipoprotein metabolism were examined in subjects on medically prescribed stable 

statin treatment, already before inclusion. Samples of 26 men and 15 women were 

still available, out of the original 54 subjects that completed that study. To be eligible 

to participate in the second study, all subjects had to be healthy with a BMI ≤ 32 

kg/m2 and aged between 18-65 years. Full details of the inclusion criteria have been 

published before [9]. Both studies were conducted according to the ethical 

guidelines of the 1975 Declaration of Helsinki and approved by the Ethics 

Committee of Maastricht University Medical Centre. Written informed consent was 

obtained from all participants before entering the study. 

 

Studies design 

In the first study, subjects had to replace their own margarine during the 4 weeks 

run-in period by a low erucic acid rapeseed oil based margarine (74% absorbable fat) 

and had to consume daily minimally 20 g of margarine. At the end of the 4 weeks 

run-in period, subjects were randomly allocated to one of the three experimental 

groups. For the following 8 weeks, the first group continued to consume the control 

margarine (n=26), the second group (n=15) consumed the same rapeseed-oil based 

margarine enriched with a vegetable oil based plant stanol ester mixture, and the 

third group (n=25) the same rapeseed-oil based margarine enriched with a wood 

based stanol ester mixture. In the second and the third group, subjects consumed an 

average of 3.9 g of plant stanols per day [8]. 

In the second study, the participants had to replace their own margarine during the 

5 weeks run-in period with the experimental ‘light’ margarine (40% absorbable fat), 

and had to consume daily minimally 30 g of margarine. At the end of the run-in 

period, subjects were randomly allocated to one of the three experimental groups. 

For the following 85 weeks, the first group continued to consume the control 

margarine (n=15), the second group (n=14) consumed a plant-sterol enriched 

margarine and the third group (n=12) a plant-stanol enriched margarine. For the 

second and third group, the daily intake of 30 g of margarine resulted in an intake 

of 2.5 g plant sterols or stanols per day [9]. 

Plant sterols and plant stanols were obtained by transesterification of free plants 

sterols and stanols with sunflower oil based fatty acids for the plant sterols or with 

rapeseed oil based fatty acids for the plant stanols. Plant sterols contained 49% 

sitosterol, 31% campesterol and 16% stigmasterol. Plant stanols consisted of 70% 
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sitostanol and 30% campestanol for the vegetable-oil based stanol and of 93% 

sitostanol and 7% campestanol for the wood-based stanol. The detailed composition 

of the experimental margarines has been previously described [8, 9]. 

 

Blood sampling 

For the first study, fasting blood samples were collected by venipuncture after 4 

weeks (end of the run-in period) and 12 weeks (end of the experimental period). 

Serum was obtained by centrifugation at 2000 x g for 30 minutes at 4˚C [8]. In the 

second study, fasting blood samples collected by venipuncture were obtained after 

5 weeks (end of the run-in-period) and 90 weeks (end of the experimental period). 

Blood was collected in a 4 mL EDTA tube and then centrifuged at 2000 x g for 30 

minutes at 4˚C to obtain plasma [9].  

 

Biochemical measurements  

Measuring serum HDL-C concentrations was done by the precipitation of apoB-

containing lipoproteins after adding a mixture of phosphotungstic acid and 

magnesium ions to the sample (CHOD/PAP method; Roche Diagnostics System, 

Hofmann-La Roche Ltd., Basel, Swiss). Measurement of serum apoA-I 

concentrations was performed by using an immunoturbidimetric reaction (UNI-KIT 

ApoA-I, Roche, Basel). Analysis of serum TAG concentrations was done after 

correction for free glycerol concentrations (GPO-Trinder; Sigma Diagnostics, St 

Louis, USA). All samples from one subject were analyzed within the same run. Plant 

sterols (sitosterol and campesterol) and plant stanols (sitostanol and campestanol) 

were analyzed by gas chromatography in the first study and by gas-liquid 

chromatography-mass spectrometry (GC-MS) in the second study, as previously 

described [10]. Serum plant sterol and plant stanol concentrations were expressed as 

x102µmol per mmol total cholesterol.  

To measure the ability of HDL particles to mediate cholesterol efflux from 

macrophages, radiolabeled-3H-cholesterol loaded murine J774 macrophages were 

incubated with apolipoprotein B–depleted serum, as previously described [11]. The 

amount of radioactive cholesterol secreted from the loaded cells was quantified by 

liquid scintillation counting.  Cholesterol efflux capacity was expressed as % of the 

efflux of a plasma pool. Known proteins involved in cholesterol efflux from 

macrophages, such as ABCA1, ABCG1 and SRB1 are an intrinsic part of the assay 

and therefore similar in all analyses. However, the ABCA1 transporter was 

upregulated with cyclic adenosine monophosphate (cAMP) to measure primarily 
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ABCA1-mediated cholesterol efflux. However, the HDL fractions before and after 

plant sterol or stanol intervention that are added to these cells, are subject-specific. 

CETP mass was quantified in plasma samples using an enzyme linked 

immunosorbent assay (ELISA) as previously described [12]. Briefly, a CETP-specific 

recombinant single-chain antibody was used as coating antibody and an affinity-

purified polyclonal anti-CETP antibody as detection antibody. CE transfer 

measurements were performed, also as previously described. In short, by incubating 

whole plasma with radiolabeled HDL in order to measure the ability of exogenous 

HDL to transfer cholesteryl ester (CE) to apoB-containing lipoproteins [13, 14]. CE 

transfer was measured as the fraction of the total radiolabeled-CE transferred to 

apoB-containing lipoproteins compared with controls. Results are expressed as the 

percentage decrease of 3H-CE in the supernatant of total radiolabeled-CE. 

 

Statistics 

All analyses were adjusted for the factor study to adjust for differences in study 

characteristics. To examine cross-sectional associations, data from both studies in 

samples obtained at the end of the run-in periods were combined (n=107). Multiple 

linear regression was used to study associations among HDL-related parameters 

(HDL-C, apoA-I, TAG, cholesterol efflux capacity, CETP mass and CE transfer 

activity). Another multiple linear regression model was used to study associations 

between absolute serum plant sterol and stanol concentrations (sitosterol, 

campesterol, sitostanol and campestanol) with HDL-related parameters (cholesterol 

efflux capacity, CETP mass and CE transfer activity). As plant sterols and stanols are 

incorporated into lipoproteins, the latter analyses were adjusted for HDL-C and 

LDL-C concentrations. Differences between the control group and the intervention 

groups at the run-in period were determined using the independent t-test. 

Responses to the consumption of plant sterols or stanols for each subject were 

calculated as the difference between values obtained at the end of the experimental 

period and the end of the run-in period. Effects of the interventions were tested 

using the general linear model with adjustment for run-in values. Correlations 

between changes were calculated using multiple linear regression after adjustment 

for changes in HDL-C and LDL-C concentrations. A P value ≤ 0.05 was considered 

significant. All statistical analyses were performed with SPSS 20.0 for Mac OS.  
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Results 

Baseline characteristics and compliance 

Baseline characteristics of the study population are presented in the Table 1. Subjects 

in study 2 were on average older and had a higher BMI (p≤0.001) than subjects in 

study 1. In the first study, changes in cholesterol-standardized levels of sitosterol 

and campesterol, and of sitostanol and campestanol were not different between the 

vegetable-oil based plant stanol ester group and the wood-based stanol ester group 

after the 8 weeks intervention period. Also, lipid and lipoprotein responses were 

comparable (Supplemental Table I). Therefore, these two intervention groups were 

combined (n=40). 

As expected, the intake of plant stanols increased cholesterol-standardized levels of 

sitostanol (p<0.001) and campestanol (p<0.001) as compared with the control groups, 

and decreased those of sitosterol and campesterol in study 1 (p<0.001; Table 2). 

However, in study 2, stanol intake only decreased cholesterol-standardized levels of 

sitosterol (p<0.05), without affecting cholesterol-standardized levels of campesterol 

(p=0.372). In the second study, the intake of plant sterols increased cholesterol-

standardized levels of sitosterol (p<0.001) and campesterol (p<0.001), as compared 

with the control group. Moreover, in the second study, changes in cholesterol-

standardized levels of sitosterol and campesterol were significantly different 

between the sterol and the stanol groups (p≤0.001).  

 

Baseline correlations between HDL-related parameters  

After adjusting for the factor study, HDL-C concentrations were associated with 

apoA-I concentrations (β=1.10 mmol/L per g/L; p<0.001) and TAG concentrations 

(β=-0.24 mmol/L per mmol/L; p<0.001). ApoA-I tended to be negatively associated 

with TAG concentrations (β=-0.07 g/L per mmol/L; p=0.06). Cholesterol efflux was 

associated with HDL-C (β=22.2 % per mmol/L; p≤0.001) and apoA-I concentrations 

(β=30.2 % per g/L; p<0.01). CE transfer was related to HDL-C concentrations (β=-8.45 

% per mmol/L; p<0.001), apoA-I concentrations (β=-7.93 % per g/L; p<0.001), and 

TAG concentrations (β=3.21 % per mmo/L; p<0.001). CETP mass was related to 

apoA-I concentrations (β=0.34 μg/mL per g/L; p≤0.05) and tended be negatively 

related to TAG concentrations (β= -0.13 µg/mL per mmol/L; p<0.06). 
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Baseline associations between absolute serum plant sterol and 

stanol concentrations with HDL-related parameters 

At baseline and after adjusting for the factor study, absolute sitosterol concentrations 

were positively related with HDL-C concentrations (β=2.64 μmol/L per mmol/L; 

p<0.01), while no relation with LDL-C concentrations was found. Absolute 

campesterol concentrations tended to associate with HDL-C concentrations (β=3.23 

µmol/L per mmol/L; p=0.08) and were significantly related with LDL-C 

concentrations (β=1.99 μmol/L per mmol/L; p<0.05). In addition, absolute sitostanol 

concentrations were significantly associated with both HDL-C (β=-0.13 µmol/L per 

mmol/L; p<0.01) and LDL-C (β=0.06 μmol/L per mmol/L; p<0.01) concentrations. No 

associations between absolute campestanol concentrations with HDL-C and LDL-C 

concentrations were found. 

After adjusting for the factor study, and for HDL-C and LDL-C concentrations, 

multiple linear regression analysis showed that baseline CETP mass was 

significantly positively associated with baseline absolute campestanol concentration 

ns (β=0.44 μg/mL per μmol/L; p<0.05), while no associations between campestanol 

and cholesterol efflux or CE transfer activity were found. In addition, no associations 

between cholesterol efflux, CETP mass and CE transfer activity with baseline 

absolute concentrations of sitostanol, campesterol and sitosterol were found. 

 

Effects of plant sterol and plant stanol consumption on HDL-related 

parameters  

Changes in HDL-related parameters during consumption of plant sterol and stanol 

ester enriched diets are shown in Table 3. In both studies, values at the end of the 

run-in period were comparable between the control group and the intervention 

group. Plant stanol intake significantly reduced CETP mass by -0.15 ± 0.40 µg/ml in 

the first study (p<0.05) and by -0.15 ± 0.34 µg/ml in the second study (p<0.05) (Figure 

1). However, CETP mass did not change after intake of plant sterols (p=0.608). 

Further, changes between the sterol and the stanol groups were comparable 

(p=0.472). In both studies, CE transfer, cholesterol efflux, and HDL-C, apoA-I and 

TAG concentrations were not significantly changed after plant sterol or stanol 

intake.  
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Figure 1: Effects of plant sterols and stanols consumption on CETP mass, in both studies.  

Values are means ± SE, at the end of the intervention (after 8 weeks for Study 1 and 85 weeks for Study 2). 

Significantly different from the control group in the Study 1: *p≤0.05 

Significantly different from the control group in the Study 2: **p≤0.05 

Tendency to be different from the stanol group from Study 1: #p=0.073 

P-values have been adjusted for the run-in period 

 

 

Correlation between changes in campestanol concentrations and 

changes in CETP mass 

As absolute campestanol concentrations were significantly associated with CETP 

mass at baseline, and CETP mass decreased after plant stanol intake, correlation 

between changes in these two parameters was calculated. However, after adjusting 

for the factor study, and changes in HDL-C and LDL-C concentrations, no 

statistically significant association was found.  
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Discussion 

We here show that after plant sterol and stanol ester consumption, serum HDL-C 

and apoA-I concentrations, and cholesterol efflux capacity and CE transfer activity 

did not change. However, in the two independent intervention studies, plant stanol 

ester intake reduced CETP mass, while this was not found for plant sterol ester 

consumption. In addition, absolute serum campestanol concentrations were at 

baseline positively associated with CETP mass. 

 

Effects of plant sterol and stanol ester consumption on HDL metabolism have not 

been evaluated into much detail so far. This is most likely related to the fact that in 

almost every individual study, no changes in serum HDL-C and/or apoA-I 

concentrations were observed. The fact that plant stanols do not lower serum HDL-

C concentrations is already intriguing, since lowering dietary cholesterol intake 

lowers serum HDL-C concentrations [15]. In addition, also treatment with neomycin 

and ezetimibe, which inhibit intestinal cholesterol absorption, lower serum HDL-C 

concentrations [16-18]. These interventions suggest that lowering cholesterol fluxes 

from the intestine to the circulation is linked with serum HDL-C concentrations. In 

other words, there is a clear rationale to hypothesize that plant sterol and stanol ester 

consumption affects serum HDL-C concentrations. Indeed, we earlier observed that 

combining the data from 5 intervention studies showed that HDL-C concentrations 

increased during plant stanol ester consumption, but only in subjects with low HDL-

C concentrations at baseline [2]. Why plant stanol esters may even elevate serum 

HDL-C concentrations, whereas the other interventions lowering intestinal-derived 

cholesterol fluxes lowered serum HDL-C concentrations remains unanswered. What 

is clearly lacking is a study specifically designed to examine the effects of plant 

stanol ester on HDL metabolism in including subjects with low baseline HDL-C 

concentrations. We here tried to understand into more detail whether we could find 

supportive evidence to explain effects of plant stanol intake on HDL-C 

concentrations. Interestingly, CETP mass decreased in both studies in the stanol 

intervention groups. This is consistent with the observation of Homma et al., who 

showed that plant stanol ester consumption (2 g/day) lowered CETP mass by 6.1%, 

although a higher stanol intake (3 g/day) lowered CETP mass by only 3.3% [19]. 

However, a decrease in CETP mass is difficult to explain, also because a positive 

correlation between absolute serum campestanol concentrations and CETP mass 

was observed at baseline. Based on this finding, it would be expected that 

consuming stanol-enriched products, which increases serum stanol concentrations 

even further, would increase CETP mass. In contrast to plant the stanol intervention, 

the plant sterol intervention was not associated with CETP mass. There are at least 
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two potential explanations for this difference between the effects of plant stanols and 

sterols, i.e. (1) a direct effect of stanols on CETP or (2) an indirect effect via the 

decrease in sterol concentrations due to stanol intake. As neither sitosterol nor 

campesterol were associated with CETP mass at baseline, it is most likely that the 

decrease in CETP mass is directly mediated by the elevated stanol concentrations 

during stanol intake. However, the underlining mechanisms remains unknown. 

CETP expression is regulated by the liver X receptor (LXR) [20], and CETP 

concentrations indeed increased upon LXR activation [21]. It can therefore be 

suggested that the present results might be partly due to a direct effect of stanols on 

LXR, but this needs more detailed evaluation since plant sterols are also activate LXR 

[22]. 

A decrease in CETP mass is an interesting finding, since it is expected to improve 

the lipoprotein profile. CETP mass was previously reported to be negatively 

associated with HDL-C concentrations in subjects with low HDL-C and high TAG 

concentrations [23]. However, and similar to the study by Homma et al. [19] in 

subjects with normal HDL-C concentrations, the change in CETP mass in the present 

study was not translated into significant changes in HDL-C and TAG 

concentrations. However, CE transfer activity did not change after the stanol intake, 

which was supported by the lack of changes in HDL-C and TAG concentrations 

following the intervention. A possible explanation for the lack of effect might be 

attributed to the study population, which had normal HDL-C and TAG 

concentrations. As already discussed, plant stanol ester consumption, may only 

increase HDL-C concentrations in subjects with low HDL-C baseline concentrations 

and decrease those of TAG in subjects with high TAG baseline concentrations [2].  

 

It has been reported several times that serum plant sterol concentrations are linked 

with serum HDL-C concentrations. Indeed, and in line with our findings, others also 

found that both sitosterol and campesterol concentrations are positively correlated 

with serum HDL-C concentrations [24-26]. For example, Nunes et al. showed that 

serum plant sterol concentrations were lower in subjects with low HDL-C 

concentrations as compared to their high HDL-C controls [25]. Within the 

circulation, plant sterols are incorporated into lipoprotein particles as their carriers. 

Although the absolute amount of plant sterols in the apoB containing lipoproteins is 

roughly 3-fold higher than in the non-apoB fraction, still a substantial amount of 

plant sterols is present in the HDL fraction. Moreover, the plant sterol / cholesterol 

ratio is higher in HDL particles than in LDL and VLDL particles [27]. We observed 

that sitosterol concentrations were associated with HDL-C concentrations, while no 

association was found with LDL-C concentrations. This suggests that sitosterol is 

preferentially associated with HDL particles, while campesterol is associated with 
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both HDL and LDL. This raises the question whether the plant sterol content of HDL 

particles influences its functionality, as it becomes more and more recognized that 

HDL-particle composition is important determinant of its functionality. A well-

known example is that enrichment of HDL particles with serum amyloid A (SAA) 

during acute phase reactions results in less functional HDL particles [28]. However, 

more subtle variations in HDL particle composition, such as differences in 

phospholipid composition, also affect HDL functionality [29]. Further, the CETP 

inhibitor Dalcetrapid not only significantly elevated serum HDL-C concentrations, 

but also serum plant sterol concentrations [30] and cholesterol efflux [31-33]. Though 

speculative, these latter findings may suggest that elevated plant sterol 

concentrations improve cholesterol efflux capacity. Although we did not measure 

plant sterols concentrations specifically in the HDL fractions, no effect of the plant 

sterol intervention - in which plasma plant sterol concentrations clearly increased - 

was found on ABCA1-mediated cholesterol efflux from macrophages. In addition, 

also plant stanol ester consumption, which lowers serum plant sterol concentrations 

did not affect cholesterol efflux. The present study is the first in which the potential 

effects of plant sterol or stanol ester consumption on HDL-mediated cholesterol 

efflux was evaluated. More studies in other populations are therefore needed to 

confirm or reject our findings.  

 

In conclusion, we did not find evidence that plant sterol and stanol consumption 

affect cholesterol efflux capacity and CE transfer activity. Plant stanol ester intake 

reduced CETP mass, which was not found for plant sterol consumption. Further 

studies in populations with low serum HDL-C and high TAG concentrations are 

essential to definitely address the potential beneficial effects of plant sterol and 

stanol consumption on HDL metabolism and functionality. 
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Supplementary data 

 

Table I: Effects of woodstanol and vegetable oil based stanol ester consumption on serum concentrations 

of plant sterols and stanols, and on serum concentrations of lipids and lipoproteins. 

Study 1 

 
Woodstanol group 

(n=25) 

Vegetable oil stanol group  

(n=15) 

Sitosterol   

Run in 108.8 ± 44.7 132.7 ± 74.5 

End  68.8 ± 26.3 66.9 ± 25.9 

Change -40.0 ± 25.3 -65.7 ± 55.4 

Campesterol     

Run in 309.9 ± 104.3 327.5 ± 153.1 

End  214.8 ± 60.1 200.9 ± 58.1 

Change -95.1 ± 57.8 -126.6 ± 105.8 

Sitostanol     

Run in 7.5 ± 4.0 5.7 ± 2.2 

End  15.3 ± 5.1 14.1 ± 3.8 

Change 7.8 ± 4.5 8.3 ± 4.6 

Campestanol     

Run in 9.0 ± 3.7 9.9 ± 4.4 

End  18.9 ± 8.0 14.8 ± 8.6 

Change 9.9 ± 7.7 4.9 ± 6.9 

HDL-C (mmol/L)     

Run in 1.62 ± 0.39 1.76 ± 0.41 

End  1.62 ± 0.35 1.76 ± 0.41 

Change -0.01 ± 0.11 0.01 ± 0.14 

ApoA-I (g/L)     ±  

Run in 1.69 ± 0.26 1.78 ± 0.28 

End 1.63 ± 0.27 1.71 ± 0.31 

Change -0.06 ± 0.07 -0.07 ± 0.15 

TAG (mmol/L)       

Run in 0.92 ± 0.61 1.06 ± 0.82 

End 0.86 ± 0.48 1.04 ± 0.83 

Change -0.06 ± 0.27 -0.02 ± 0.26 

Values are means ± SD  

Sterols and stanols concentrations are expressed as 102 x µmol/mmol cholesterol  

P-values have been adjusted for the run-in period  
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Abstract  

Background and Aims: Obesity is associated with a lower HDL-mediated 

cholesterol efflux from macrophages and a higher CETP (cholesteryl ester transfer 

protein) activity, but effects of weight loss are not clear. Also, associations with 

visceral and subcutaneous adipose tissue are not known. We therefore investigated 

effects of diet-induced weight loss on HDL-mediated cholesterol efflux and 

cholesterol ester (CE) transfer in abdominally obese men. Differences between 

normal-weight and abdominally obese men were also examined. 

Methods: Twenty-five apparently healthy, normal-weight men (waist 

circumference: <94 cm) and 52 abdominally obese men (waist circumference: 102–

110 cm) were included. Abdominally obese subjects were randomly allocated to a 

dietary weight-loss intervention group or a no–weight loss control group. 

Individuals from the intervention group followed a very-low-calorie diet for 6 weeks 

to obtain a waist circumference below 102 cm, followed by a 2-weeks weight-stable 

period. Cholesterol efflux was measured in BODIPY-labeled murine J774 

macrophages. CE transfer was measured by quantifying the transfer of CE from 

radiolabeled exogenous HDL to apoB-containing lipoproteins. 

Results: Cholesterol efflux capacity was 9 percentage point (pp) lower in 

abdominally obese than in normal-weight men (p≤0.001), while CE transfer was 5 

pp higher (p≤0.01). Diet-induced weight-loss of 10.3 kg did not change cholesterol 

efflux and CE transfer. In addition, stepwise regression analysis did not suggest that 

the different fat depots are differently related to efflux capacity and CE transfer. 

Conclusions: After a 2-week weight-stable period, dietary weight loss of 10 kg did 

not improve ABCA1-mediated cholesterol efflux and CE transfer in abdominally 

obese men. 
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Introduction 

The role of high-density lipoproteins (HDL) in the prevention of coronary heart 

disease (CHD) is not clear, as raising HDL-cholesterol (HDL-C) concentrations per 

se is not causally related to a lower risk for CHD [1, 2]. However, it becomes more 

and more accepted that improving HDL functionality is a better target to reduce 

CHD risk. HDL has many anti-atherogenic properties, including anti-inflammatory, 

anti-oxidant, anti-apoptotic, anti-thrombotic and vasodilating effects [3]. However, 

its involvement in the reverse cholesterol transport (RCT) pathway, which is the 

ability of HDL to remove and transport the excess of cholesterol from peripheral 

cells such as residing macrophages in the arterial wall to the liver for excretion, 

represents its main anti-atherogenic effect [3, 4]. Indeed, an inverse association 

between cholesterol efflux with atherosclerosis and cardiovascular mortality has 

been reported, independent of HDL-C concentrations [5, 6]. 

HDL-mediated cholesterol efflux from macrophages is facilitated by several 

transporters, such as ABCA1, ABCG1 and SR-BI [3], and related to numerous factors, 

including HDL particles size and composition as well as differences in baseline 

characteristics between subjects. One of these factors is body fat. Although not all 

obese subjects have increased levels of inflammatory markers [7], obesity is 

frequently associated with chronic low-grade inflammation [8]. As pro-

inflammatory cytokines reduce in vitro cholesterol efflux capacity [9, 10], 

abdominally obese subjects may even have a further lowered cholesterol efflux [11, 

12], because visceral fat secretes more cytokines and adipokines than subcutaneous 

fat [8]. In addition, adipocytes may be involved in the transport of cholesterol to 

HDL particles, which is reduced in inflamed adipocytes [13]. Obese subjects also 

have an increased mass and activity of cholesteryl ester transfer protein (CETP) 

mediating the exchange of cholesteryl esters (CE) and triacylglycerol (TAG) between 

HDL and apoB100-containing lipoproteins [14]. However, not much is known about 

the relationship between cholesteryl ester (CE) transfer and cholesterol efflux, even 

though CE transfer is inversely associated with HDL particle size and composition 

[15, 16], which both play an important role in cholesterol efflux [17]. 

Although cross-sectional differences in efflux capacity between various BMI-groups 

have previously been reported [11, 12, 18], the effects of diet-induced weight loss on 

cholesterol efflux capacity are less consistent. Some studies have reported a decrease 

in cholesterol efflux after weight loss [19, 20], while others have reported no effects 

[21]. Also, relationships with the different fat depots are not known. Finally, the 

reported studies were lacking a no-weight loss control group. Therefore, we 

measured in a randomized controlled trial the effects of diet-induced weight loss on 

HDL-mediated cholesterol efflux and CE transfer in abdominally obese men. Cross-
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sectional differences at baseline between normal-weight and abdominally obese 

men were also investigated.  

 

Materials and Methods 

Subjects and Design 

To examine the effects of weight-loss on cholesterol efflux capacity of HDL, samples 

from a previous study were used. In that study, effects of diet-induced weight loss 

on cardiometabolic risk markers and vascular function markers in abdominally 

obese men (waist circumference between 102–110 cm) were examined. Details of this 

study have already been published [22, 23]. Briefly, baseline measurements were 

completed in 54 abdominally obese men. One man dropped out before 

randomization and 53 men were randomly assigned to the weight-loss or no-weight 

loss control group. One participant discontinued the control intervention because of 

illness, while another man dropped out because of non-compliance with the weight-

loss program. Another man from the weight-loss group stopped for personal 

reasons. Thus, eventually 50 abdominally obese men completed the entire weight-

loss study. At the end of the study, one participant was excluded from the analyses, 

because of unreported use of antihypertensive medication during the study. 

Therefore, data from 49 abdominally obese men were used for the present analysis. 

For comparison, a group of 25 age-matched normal-weight men (waist 

circumference <94 cm) was included. All 74 subjects were apparently healthy, aged 

between 18-65 years, and had a stable body weight (weight gain or loss <3 kg within 

the previous 3 months). Use of medically prescribed drugs known to affect lipids, 

glucose and blood pressure were not allowed. The study was conducted according 

the ethical guidelines of the 1975 Declaration of Helsinki and approved by the Ethics 

Committee of Maastricht University Medical Centre. Written informed consent was 

obtained from all participants before entering the study. The study was registered 

at clinicaltrials.gov as NCT01675401.  

Subjects assigned to the weight-loss program (n=25) had to consume daily a very-

low-calorie diet (VLCD; Modifast; Nutrition et Santé Benelux) providing 2.1 MJ (500 

kcal) and a maximum of 250 g vegetables or fruit (except bananas) each day for 4 

weeks to reach a waist circumference below 102 cm, the cut-off value for one of the 

criteria to diagnose of the metabolic syndrome [24]. If the waist circumference was 

not below 102 cm after 4 weeks, subjects had to consume the VLCD for another week, 

while the calorie-restricted diet was used for 1 week. After the VLCD period, 

subjects were prescribed a mixed-solid, calorie-restricted diet, which provided 4.2 

MJ/day for 2 weeks, as a transition period. The composition of this diet was in 

agreement with the Dutch dietary guidelines. In weeks 7 and 8, subjects consumed 
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daily menus based on the new estimated energy requirements based on their newly 

achieved body weight in order to keep them weight stable for two weeks. 

Participants assigned to the no-weight loss control group (n=27) were asked to 

maintain their habitual diet and use of alcohol throughout the total study period. In 

addition, all subjects were requested not to change their physical activity levels and 

to write down daily any protocol deviations in a diary. Diaries were checked at each 

visit and no deviations were noted that could have influenced the results. The 25 

normal-weight participants were only measured once during the study and were 

not subjected to any intervention. 

 

Blood sampling 

Fasting blood samples were collected at the start and at the end of the intervention 

period. EDTA and NaF tubes were centrifuged at 1300 × g for 15 min at 4°C to obtain 

plasma. Serum samples were obtained after blood samples were centrifuged at 1300 

× g for 15 min at 21°C [22]. The supernatants were transferred into 1.5 ml Eppendorf 

tubes and stored immediately at -80˚C until further analysis. 

 

Measurements  

Subcutaneous and visceral adipose tissue volumes were measured as described [22, 

23]. The percentage of body fat was assessed by taking skinfold measurements, 

using the Durnin and Womersley formula [25]. 

Serum samples were used to measure concentrations of HDL-C (CHOD/PAP 

method; Roche Diagnostics System, Hofmann-La Roche Ltd., Basel, Swiss), TAG 

(GPO-Trinder; Sigma Diagnostics, St Louis, USA), apoA-I and apolipoprotein B100 

(apoB100) (Horiba ABX, Montpellier Cedex, France), insulin, and C-peptide (RIA, 

Millipore, Linco Research, Missouri, USA). NaF plasma samples were used for 

glucose measurements (Horiba ABX, Montpellier Cedex, France). The HOMA-IR 

was calculated to estimate the degree of insulin resistance [26]. EDTA plasma 

samples were used to measure high-sensitive C-reactive protein concentrations 

(hsCRP) by using a multiarray detection system based on electrochemiluminescence 

technology (SECTOR Imager 2400; Meso Scale Discovery). For all analyses, all 

samples from one subject were analyzed within the same run. 

The ability of HDL particles to promote cholesterol efflux from macrophages was 

measured as described previously [27]. Briefly, murine J774 macrophages were first 

cultivated and incubated overnight with 14.42 µg/mL BODIPY-cholesterol, i.e. 50 

000 cells were seeded in a total incubation volume of 150 µl in a 96-well plate. Next, 

macrophages were equilibrated for 4h with 1 µl/ml of an ACAT inhibitor (Acyl CoA 
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Acyltransferase Inhibitor (Sandoz 58-035) purchased from Sigma-Aldrich) and 

activated overnight with 4µl/ml cAMP to upregulate the expression of the 

cholesterol-efflux transporter ABCA1. Thus, this efflux assay used mainly measures 

the ABCA1-mediated cholesterol efflux from macrophages to its major acceptor 

preβ-1 HDL [3]. Next, in plasma samples from the volunteers in the study, 

apolipoprotein B containing lipoproteins were precipitated using 

tungstophosphoric acid hydrate and magnesium chloride. After spinning, the 

supernatant containing the HDL particles was added to the labeled macrophages 

and incubated for 4h. All steps were performed in the presence of 1 µl/ml of ACAT 

inhibitor to block cholesterol esterification. After 4h incubation, the 96-well plates 

were centrifuged for 5 minutes at 800 rpm at room temperature, and the supernatant 

of each sample was pipetted into a Fluoro Nunc plate (236105, Thermo Scientific, 

Waltham, Massachusetts, USA). The fluorescence intensity from each sample was 

quantified using the Tecan Infinite 200 plate reader (excitation 482 nm, emission 515 

nm). Serum controls from two healthy subjects were included in each assay as 

reference. The efflux capacity values for each subject were expressed relative to the 

average efflux capacity value of these two serum pools, which was set to 100%. Each 

sample was analyzed in triplicate.  

Cholesteryl ester (CE) transfer measurements were quantified by determining the 

transfer of CE from radiolabeled exogenous HDL to apoB-containing lipoproteins. 

As described [28, 29], HDL particles from plasma samples were isolated by 

ultracentrifugation, and radiolabeled with 3H-cholesterol. Whole serum from each 

participant was then incubated with the radiolabeled HDL. After incubation, apoB-

containing lipoproteins were precipitated with dextranesulphate/MgCl2. After low-

speed centrifugation, the supernatant was transferred into a scintillation vial and the 

radioactivity was determined using a beta counter. Lipoprotein deficient plasma 

was used as negative control. CE transfer was measured as the percentage of total 

radiolabeled CE transferred to apoB-containing lipoproteins, normalized to the 

initial amount of radioactivity present in the supernatant (3000 counts per minute). 

Thus, the higher the percentage of radioactivity in the supernatant, the lower the 

percentage of CE transferred to the apoB-containing lipoproteins pellet. 

 

Statistics 

Results are presented as means ± standard deviations, unless otherwise indicated. 

Cross-sectional differences at baseline between normal-weight and abdominally 

obese men were analyzed by an independent-samples t-test. Differences in changes 

between the groups, i.e. diet-induced weight-loss and no–weight loss control 

treatments, were tested using the one-way ANCOVA with adjustment for baseline 
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values. Pearson correlation coefficients were used to examine cross-sectional 

relations between cholesterol efflux and CE transfer with anthropometric 

measurements and cardiometabolic risk markers (age; BMI; waist-to-hip ratio, 

visceral, subcutaneous and total fat; concentrations of HDL-C, apoA-I, apoB100, 

TAG, CRP, glucose, C-peptide and insulin; and HOMA-IR). Because the CRP data 

were not normally distributed, as assessed with the Shapiro-Wilk test, Spearman’s 

rho coefficient was used to examine correlations. Using stepwise regression analysis, 

the independent contributions of the cardiometabolic risk markers on plasma 

cholesterol efflux capacity and CE transfer was examined. Only parameters that 

correlated significantly were initially entered into the model. A P value ≤ 0.05 was 

considered significant. All statistical analyses were performed with SPSS 20.0 for 

Mac OS. 

 

Results 

Baseline characteristics of the study population 

Baseline characteristics of the 25 normal-weight and 52 abdominally obese men are 

presented in Supplemental Table I. Age was comparable between the normal-

weight and abdominally obese men. As expected, BMI, visceral and subcutaneous 

fat, and total fat mass were significantly higher in the obese men. Further, fasting 

serum concentrations of HDL-C were 0.15 percentage point (pp) lower in the 

abdominally obese men (p≤0.01), while those of apoB100, TAG and CRP were higher 

(p<0.05 for all variables). Cholesterol efflux capacity was 9 pp lower in obese men, 

whereas CE transfer was 5 pp higher (p≤0.01 for both variables). Finally, serum 

apoA1 concentrations were comparable between the normal-weight and 

abdominally obese men. 

 

Effect of the weight-loss intervention 

Forty-nine abdominally obese subjects completed the intervention study. In the 23 

subjects in the weight loss group, body weight decreased on average by 10.3 kg, BMI 

by 3.1 kg/m2, visceral fat by 0.85 L, subcutaneous fat by 0.84 L, and fat mass by 4.4 

pp, compared with the control group [22, 23]. As planned, during the last two weeks 

of the study, body weight was stable [22]. Weight loss did not change serum HDL-

C concentrations, while apoA-I concentrations were significantly decreased after 

weight-loss by 0.07 g/L (95% CI: -0.14, -0.01 g/L; p=0.03). ApoB100 concentrations 

were also decreased by 0.17 g/L (95% CI: -0.24, -0.10 g/L; p=0.04). However, 

cholesterol efflux and CE transfer did not change significantly (Table 1).   
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Correlations between HDL parameters 

At baseline, cholesterol efflux capacity was significantly associated with BMI (r=-

0.349; p<0.01; n=77), as well as with visceral, subcutaneous and total fat [(r=-0.285; 

p≤0.01; n=76), (r=-0.340; p<0.01; n=76), (r=-0.302; p<0.01; n=77), respectively]. Finally, 

CRP concentrations showed a negative correlation with cholesterol efflux capacity 

(r=-0.292; p≤0.01; n=77). Stepwise multivariate linear regression including the 

significant variables showed that only BMI remained as a significant predictor of 

cholesterol efflux capacity (β=-1.1; p≤0.001). 

 

CE transfer at baseline was associated with BMI (r=0.312; p<0.01; n=77), the waist-to-

hip ratio (r=0.365; p≤0.001), and concentrations of HDL-C (r=-0.473; p<0.001; n=77), 

apoA-I (r=-0.267; p<0.05; n=77), apoB100 (r=0.580; p<0.001; n=77), TAG (r=0.430; 

p<0.001; n=77) and CRP (r=0.260; p<0.05; n=77). Moreover, CE transfer showed a 

significant positive association with C-peptide, insulin concentrations and the 

HOMA-IR (r=0.475; r=0.450 and r=0.440, respectively; p<0.001 for all three variables). 

Stepwise linear regression analysis including these significant variables showed that 

HDL-C (β=-11.9; p<0.001) and apoB100 (β=16.5; p<0.001) predicted CE transfer.  

  

Discussion 

In this study, we found that ABCA1-mediated cholesterol efflux from cholesterol- 

loaded macrophages to HDL is higher in normal-weight subjects than in 

abdominally obese men. However, diet-induced weight loss in the abdominally 

obese men did not improve cholesterol efflux. Comparable results were observed 

for CE transfer and HDL-C concentrations, while apoA-I concentrations were even 

decreased after weight loss. 

 

So far, only a few other studies addressed the effect of dietary induced weight loss 

on HDL-mediated cholesterol efflux. In these studies, however, no-weight loss 

control groups were not included, while results were highly variable. Weight-loss of 

25 kg induced by a VLCD within a period of 16 weeks reduced cholesterol-efflux, 

while HDL-C concentrations were not changed and apoA-I concentrations were 

increased [19]. In another study, weight loss of nearly 10 kg after 4 to 6 weeks 

reduced ABCA1- and ABCG1-mediated cholesterol efflux to HDL. Like in our study, 

HDL-C concentrations were not changed, while apoA-I concentrations were 

decreased [20]. In a third study with overweight or obese women, a decrease of 

about 2 kg after 6 months induced by caloric restriction plus low-intensity exercise, 
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decreased HDL-C concentrations, while apoA-I concentrations as well as ABCG1- 

and SR-BI-mediated efflux pathways were not changed. Surprisingly, ABCA1-

mediated efflux was decreased, although the exercise regime might also have  

influenced the results [21]. In three other studies, effects of surgery-induced weight 

loss were examined. Weight loss in these studies was of course larger and were, 

respectively, 20 kg [30], 25 kg [31] and 56 kg [32]. Despite increases in HDL-C in all 

three studies, effects on cholesterol efflux - or the transporters involved - were not 

consistent. In one study, SR-BI- and ABCG1-mediated cholesterol efflux was 

increased, while the ABCA1-mediated cholesterol efflux was decreased [30]. In 

contrast, cholesterol efflux was increased after upregulation of ABCA1 expression 

in the two other studies [31, 32]. No clear reason for these discrepant findings can be 

provided. One possible explanation may relate to study duration. It has been 

suggested that HDL-C concentrations increase after weight-loss, but only during the 

subsequent weight-stable period, whereas they are even decreased during the active 

weight loss period [33]. In our study, subjects were weight stable for 2 weeks, which 

may have been too short for HDL metabolism to reach a new steady state. In the 

other diet-induced weight-loss studies [19-21], a weight stable period was however 

not included at all. Therefore, it would be of interest to examine effects on HDL 

metabolism after a longer-weight stable period. Another explanation may relate to 

the amount of weight loss, which was by far larger after surgery than after diet-

induced weight loss. In addition, differences in metabolic disturbances may have 

played a role. Although our population was abdominally obese, they had no clinical 

manifestations of any disease. In contrast, in other studies effects of weight loss were 

examined in insulin-dependent type 2 diabetic patients [19], in patients with the 

metabolic syndrome [20], or in overweight women, of which 12% were diabetic [21]. 

Finally, changes in HDL subpopulations following weight loss might also play a 

role. Indeed, weight reduction is associated with an increase in HDL2 particle 

concentrations and a decrease in HDL3 particle concentrations [34]. In addition, the 

increase in HDL2 following surgery-induced weight loss was associated with an 

improvement in both ABCG1- and SR-BI-efflux pathways. In contrast, ABCA1-

mediated efflux was decreased, suggesting that preβ-1 HDL concentration was 

decreased by weight loss [30]. Possibly, weight loss has a greater effect on the 

ABCG1 and SR-BI-mediated efflux pathways than on the ABCA1-mediated efflux. 

In addition, when using apoB-depleted serum as cholesterol acceptor, not only 

(preβ-1) HDL, but also other factors such as albumin, may contribute to the 

cholesterol efflux [35]  However, it should be noted that with our assay we did 

observe cross-sectional differences in cholesterol efflux between the abdominally 

obese and the normal-weight men at baseline. This suggests that ABCA1-mediated 

cholesterol efflux is related to body mass.  
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To the best of our knowledge, the relationship between fat distribution and 

cholesterol efflux capacity has not been investigated so far. Visceral fat is thought to 

secrete more pro-inflammatory cytokines than subcutaneous fat [8]. As 

inflammation is negatively associated with cholesterol efflux capacity [36], this could 

theoretically explain the lower cholesterol efflux capacity in obese subjects. In fact, 

our lean subjects also had lower CRP concentrations than the abdominally obese 

subjects. However, CRP levels were not changed after the weight loss intervention. 

It has been estimated that for each 1 kg of weight loss, CRP levels decreases with 

0.13 mg/L [37]. Possibly, the amount of weight loss in our study was too small to 

observe any statistically significant effect [22].  

In contrast to other studies [38-40], no association between cholesterol efflux and the 

waist-to-hip ratio was found. Efflux capacity was negatively associated with both 

visceral and subcutaneous fat, but after stepwise linear regression analysis, only BMI 

remained a significant predictor of cholesterol efflux capacity. As all the 

abdominally obese men a waist circumference between 102-110 cm, it is possible that 

the range in the waist-to-hip ratio was not large enough. 

 

Reductions in CE transfer have been reported after surgery-induced weight loss [14, 

30, 41]. However, not many studies have addressed the effects of diet-induced 

weight loss on CE transfer. In a small study with 4 women without control group, 2 

months of calorie restriction was associated with a reduction in both CETP activity 

and mass [42]. In another study with obese men, the intake of a low-fat energy-

restricted diet for 3 months did not change CE transfer, despite a 10 kg reduction in 

body weight [43]. A 4 weeks low caloric diet-induced weight loss decreased body 

weight by 4 kg and was associated with a decrease in CETP mass concentrations 

[44]. Finally, caloric restriction for 16 weeks was accompanied by a decrease in CETP 

concentration [19]. However, CE transfer was not investigated in these two latter 

studies [19, 44].  

As in other studies [14, 42, 45, 46], BMI was positively associated with CE transfer, 

which might be related to the CETP synthesis in adipose tissue [47], as CETP mRNA 

levels in adipose tissue are positively associated with plasma CETP concentrations 

[48]. As CETP expression is higher in subcutaneous fat than in visceral fat [49], and 

the subcutaneous fat depot is larger, it can be expected that CETP mass is more 

strongly correlated with subcutaneous fat, as shown by Arai et al. [42]. However, 

these findings were not confirmed in a recent large cross-sectional study examining 

associations between fat distribution and CETP concentrations [50]. Although CETP 

activity does not necessarily reflect CETP concentrations [51], we also found no 

evidence that the various fat depots were differently associated with CETP activity. 
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The relationship between CE transfer and cholesterol efflux is not clear. In one study, 

elevated CE transfer was positively associated with cholesterol efflux capacity in 

women, but not in men [52]. In addition, in patients at risk for cardiovascular 

disease, a high plasma concentration of CETP was associated with a high efflux 

capacity, and CETP mass was found to significantly predict cholesterol efflux 

capacity [53]. Unfortunately, we did not measure CETP mass in the present study. 

However, no association between CE transfer and cholesterol efflux capacity was 

found. 

 

In conclusion, the present study shows that in men ABCA1-mediated macrophage 

cholesterol efflux and CE transfer are associated with body mass. However, these 

parameters were not changed after a six weeks diet-induced weight loss of 10 kg in 

abdominally obese men followed by a 2 weeks weight-stable period. Future studies 

should address the importance of a longer period of stable body weight and the 

involvement of other transporters, such as ABCG1 and SR-BI, on cholesterol efflux 

from macrophages.  
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Supplementary data 

 

Table 1: Baseline characteristics of the normal-weight and abdominally obese men  

 

Normal-weight men  

(n=25) 

 

Abdominally obese men  

(n=52) 

Age (years)1 53.7 [25.9-61.6]  51.8 [45.7-60.7] 

BMI 23.3 ± 1.8  30.1 ± 2.1*** 

Visceral fat (L)2 0.90 ± 0.42  2.34 ± 0.71*** 

Subcutaneous fat (L)2 1.45 ± 0.51  3.09 ± 0.77*** 

Fat mass (%) 18.5 ± 5.4  28.2 ± 3.5*** 

HDL-C (mmol/L) 1.26 ± 0.27  1.11 ± 0.22** 

ApoA-I (g/L) 1.28 ± 0.18  1.24 ± 0.15 

ApoB100 (g/L) 0.85 ± 0.15  1.08 ± 0.23*** 

Triacylglycerol (mmol/L) 1.00 ± 0.48  1.81 ± 0.93*** 

Glucose (mmol/L) 5.17 ± 0.28  5.48 ± 0.52** 

C-peptide (ng/mL) 0.95 ± 0.21  1.69 ± 0.67*** 

Insulin (uU/mL) 7.1 ± 1.8  11.5 ± 5.4*** 

HOMA-IR 1.6 ± 0.5  2.8 ± 1.4*** 

CRP (µg/mL)1 0.61 [0.32-1.21]  1.49 [0.54-3.22]* 

Cholesterol Efflux (% pools) 104.2 ± 7.9  95.5 ± 10.9*** 

CE transfer (% transfer) 54.7 ± 6.9  59.7 ± 7.1** 

Values are means ± SD 
1 Values are medians [25-75th percentile] 
2 Normal-weight subjects: n=24 

Significantly different from the normal-weight men (independent-samples t-test): *p≤0.05; **p≤0.01; ***p≤0.001 
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High-density lipoproteins and CVD risk 

Because cardiovascular diseases (CVD) are still the leading cause of morbidity and 

mortality worldwide [1], it becomes urgent to develop new therapeutic targets to 

improve cardiovascular health. A causal relationship between high levels of low-

density lipoprotein cholesterol (LDL-C) and CVD has been established [2]. 

Moreover, lowering LDL-C concentrations by the use of statins has proven benefits 

in the prevention of CVD events [3]. However, despite the inverse relationship 

between high-density lipoprotein cholesterol (HDL-C) concentrations and CVD [4, 

5], elevating HDL-C concentrations failed to reduce CVD risk [6]. This lack of benefit 

of increasing HDL-C concentrations might be due to the complexity of HDL 

particles, which vary in size and composition. Indeed, HDL metabolism and 

functionality can greatly differ between HDL subpopulations [7], and alterations in 

the protein composition of HDL have been associated with a variety of disorders, 

such as inflammation [8] and diabetes [9]. In this context, measuring only HDL-C 

concentrations may be a poor biomarker to assess CVD risk [10]. One of the main 

features of HDL particles is their ability to promote cholesterol efflux to remove the 

excess of accumulated cholesterol in from macrophages within the vessel wall, 

which is termed as reverse cholesterol transport (RCT) pathway. A strong inverse 

relationship between HDL-mediated cholesterol efflux capacity, and the prevalence 

and the incidence of coronary artery disease has been demonstrated in several 

epidemiological studies [11-13], and HDL-mediated cholesterol efflux was found to 

be a strong predictor of coronary artery disease (CAD) [14]. Therefore, the 

development of therapeutic interventions focusing on HDL-efflux capacity rather 

than on HDL-C concentrations is essential to tackle the CVD burden.  

 

Methods to measure HDL cholesterol efflux capacity 

There are three potential strategies to increase macrophage RCT: (1) improving 

cellular cholesterol efflux from macrophages; (2) enhancing HDL acceptor number 

and functionality; and (3) increasing hepatic uptake and biliary/intestinal excretion 

[15]. The present thesis focused on the first strategy, i.e. the efflux of cholesterol from 

macrophages. 

 

As summarized in the chapter 2 of this thesis, several in vitro assays have been 

developed to quantify the ability of HDL particles to accept labeled cholesterol from 

macrophages. Radioactive assay, using 3H-cholesterol, is the most commonly used 

and is considered as the gold standard [16]. However, new assays using stable 

isotopes [17] or fluorescent tracers, such as BODIPY-cholesterol [18], have been 
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developed, and are good alternatives to avoid the use of radioactive compounds. 

Recent studies have shown that results of the in vitro efflux assay using murine J774 

macrophages, that naturally express the efflux transporters, labeled with 3H-

cholesterol used in chapters 3 and 5 is negatively associated with CVD risk [11, 13]. 

In contrast, the BODIPY-cholesterol efflux assay was used in chapters 4 and 6. 

However, this fluorescence-labeled cholesterol efflux assay is also inversely 

associated with cardiovascular events, and a moderate correlation between both 

assays has been reported (r=0.54; n=179) [12]. Regardless of the type of tracer used, 

the efflux-assay consists of three main steps: (1) donor cells are labeled with the 

cholesterol tracer; (2) labeled cells are incubated with the acceptor; (3) and the 

percentage of tracer effluxed from the cells and as such present in the supernatant is 

quantified [19]. The relative contribution of various efflux-mediated pathways, i.e. 

ABCA1-, ABCG1- and SR-BI-mediated efflux, has been quantified in human serum. 

It was found that cholesterol efflux from macrophages was predominantly due to 

the ABCA1-mediated pathway [20]. In addition, cholesterol efflux via the ABCA1 

pathway is impaired in CAD patients [21], and ABCA1-knockout mice have 

increased atherosclerotic lesion formation [22]. Upregulating and measuring in vitro 

ABCA1-mediated cholesterol efflux could therefore provide additional information 

in assessing the risk of atherosclerosis [16]. However, these studies do not prove that 

impaired ABCA1-cholesterol efflux is causally related to atherosclerotic risk [23]. 

A limitation of these in vitro efflux assays is that - although they reflect the ability to 

mobilize free cholesterol from macrophages - they do not measure variation in other 

parts of the RCT pathway, such as the hydrolysis of cholesteryl esters, as well as the 

uptake into the liver and biliary excretion [15].  

 

Modulators of HDL cholesterol efflux capacity 

HDL is a very complex class of lipoproteins that varies in size, composition and 

functional properties. HDL metabolism and functionality may be related to many 

factors, such as genetic, molecular and environmental factors, i.e. weight loss and 

diet. 

 

Genetic determinants 

Associations between single nucleotide polymorphisms (SNPs) with HDL-C 

concentrations have been frequently investigated [24, 25]. The genetic variants 

associated with HDL-C concentrations include SNPs located in genes encoding for 

apolipoproteins, lipoprotein lipase, and transporters. However, the hypothesis that 

genetic polymorphisms linked to higher HDL-C concentrations are associated with 
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a decrease in CVD risk has been challenged [26]. As HDL-mediated efflux capacity 

is a better target for CVD, it is of great interest to investigate genetic polymorphisms 

linked to this feature, rather than to HDL-C concentrations. 

So far, only one study has investigated the impact of genetic polymorphisms on 

cholesterol efflux capacity. The main finding of this study was that SNPs located in 

genes involved in HDL metabolism, i.e. CETP, ABCA1, apoA-I, apolipoprotein A-II 

(apoA-II) and LIPC (lipoprotein lipase), were associated with plasma efflux capacity, 

independently of plasma HDL-C concentration and in a gender-specific manner. 

Interestingly, alleles of these identified SNPs associated with an increase in 

cholesterol efflux have been previously associated with a reduced risk of coronary 

heart disease [27]. In chapter 3 of this dissertation, we investigated the impact of 

selected SNPs coding for key genes involved in the RCT pathway. We found that 

SNPs located in ABCA1, ABCG1, LXRβ and CETP were significantly associated with 

cholesterol efflux capacity (Table 1). It has previously been reported that 

approximately 70% of inter-individual variation in HDL-C concentrations is 

explained by genetics polymorphisms [28]. However, the influence of genetic 

determinants on HDL cholesterol efflux appears to be rather low, accounting for 

only ≈6 % [27].  

A limitation of our study is the small number of subjects used. Indeed, analyses were 

performed in 107 subjects (50 men and 57 women), which might have been too small 

for any firm conclusions regarding the role of variation in genetic background. For 

comparison, the study of Villard and colleagues was performed in 450 subjects [27]. 

In addition, we did not investigate the relationship between the SNPs and CVD risk, 

and there is no evidence in the literature so far that the SNPs discussed in chapter 3 

are related with a change in CVD risk. Therefore, more research is needed to 

establish whether these specific SNPs are related to an increased risk to develop 

CVD. 

 

Molecular factors: impact of microRNAs 

Vickers et al. have shown that HDL particles are carrying specific microRNAs 

(miRNAs) [29]. However, the exact functions of these specific HDL-miRNAs are not 

well known. In this context, we investigated if three of the most abundant HDL-

associated miRNAs, namely miR-223, miR-92a and miR-135a, were associated with 

HDL-efflux capacity (chapter 4). Unfortunately, we did not find any association 

between the studied miRNAs with the ability of HDL to promote cholesterol efflux 

(Table 1). So far, only miR-223 has been reported to have an indirect effect on the 

promotion of cholesterol efflux [30]. In vitro, miR-223 can be exported from 

macrophages to HDL particles [29]. Subsequently, HDL particles deliver miR-223 to 
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endothelial cells through SR-BI, suggesting a role of HDL-miRNAs in intercellular 

communication [31]. Upregulation of ABCA1 expression in J774 macrophages failed 

to increase miR-223 export to HDL [29, 32]. Because of their phospholipid core, 

HDLs can transport hydrophobic drugs through the circulation, addressing the 

potential of using HDL as a delivery vehicle for miRNA [33, 34].  

Many miRNAs have been reported to be involved in lipoprotein metabolism and 

cholesterol homeostasis [35-37]. The best-characterized miRNAs linked to lipid and 

lipoprotein metabolism is miR-33. In humans, two isoforms of miR-33 are present: 

miR-33a and miR-33b, which are respectively located in SREBP2 and SREBP1 (sterol 

regulatory element‑binding transcription protein). In contrast, only miR-33a exits in 

mice [38]. In vivo experiments have shown that miR-33a reduces HDL biogenesis in 

the liver, as well as cholesterol efflux from macrophages by inhibiting the expression 

of the ABCA1 transporter [39]. In mice, inhibition of miR-33 was associated with an 

increase in HDL-C concentrations and cholesterol efflux capacity. In addition, 

ABCA1 expression was upregulated in foam cells, resulting in regression of 

atherosclerosis [40]. Similarly, miR-26 was found to regulate in vitro cholesterol 

efflux from macrophages. Overexpression of miR-26 was associated with a 

reduction in cholesterol efflux, explained by the downregulation of ABCA1 

expression in human and mouse macrophages targeting miR-33, as well as miR-26, 

may therefore be attractive targets for the prevention and treatment of CVD. 

However, no evidence has been reported so far that miR-33a/b and miR-26 are 

carried by HDL particles [41]. Therefore, more studies are needed to determine the 

complete HDL-miRNAs profile.  

The majority of the population spends a large part of the day in the postprandial 

state and disturbances in postprandial lipoprotein metabolism are important risk 

markers for CVD [42, 43]. It is thus of clinical importance to consider postprandial 

measurements when addressing CVD risk. In chapter 4, we investigated for the first 

time the postprandial changes of miR-92a, miR-223 and miR-135a levels. A 

significant increase in both miR-92a and miR-223 levels following meal intake was 

found, while a trend was observed for miR-135a. However, the reasons for these 

changes are not clear. It is not yet known if the postprandial increases in miRNAs 

levels are due to the absorption of the miRNAs from food products, to an increase 

in the expression of genes coding for these specific miRNAs, or finally to changes in 

nutrients composition or variation in hormonal status.  
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Environmental factors: impact of weight loss and diet  

It has previously been reported that lifestyle can modulate HDL-efflux capacity, as 

reviewed in the chapter 2 of this thesis. In addition, the use of statins is a predictor 

of plasma cholesterol efflux capacity (chapter 3). As not much is known about the 

impact of diet on HDL-mediated cholesterol efflux, the potential beneficial effects of 

three food components on HDL-functionality were investigated in chapters 4 and 5. 

Dark chocolate consumption is associated with a reduction in the risk to develop 

CVD [44]. These relations may be mediated through effects on HDL metabolism, 

although the impact of chocolate consumption on HDL-C concentrations is 

contradictory: one meta-analysis reported that flavonoid-rich cocoa consumption 

increased HDL-C concentrations [45], while 2 others found no effect of cocoa 

products on HDL-C concentrations [46, 47]. This raises the question if the beneficial 

effects of chocolate consumption on CVD risk may be attributed to an improvement 

in HDL-functionality. Therefore, the association between theobromine, a 

methylxanthine mainly found in dark chocolate [48], on HDL cholesterol efflux 

capacity has been investigated for the first time (chapter 4). Furthermore, plant sterol 

and plant stanol esters have been proven to be effective and safe functional food 

ingredients to reduce LDL-C concentrations [49]. They may also affect HDL-C 

concentrations. However, the effect of stanol consumption appears to be dependent 

on the HDL-C concentrations at baseline [50]. The aim of chapter 5 was to investigate 

the impact of plant sterol and stanol consumption on HDL functionality. In addition, 

as obesity is associated with a reduced ability of HDL to stimulate cholesterol efflux, 

we aimed to investigate if a decrease in BMI was associated with an improvement 

in cholesterol efflux capacity (chapter 6). The section below discusses the effects of 

these 3 dietary interventions on the ability of HDL to stimulate cholesterol efflux. 

 

Theobromine supplementation 

It is of interest to know which components in cocoa are responsible for the possible 

beneficial effect on CVD risk. We hypothesized that theobromine might be one of 

the active compounds. In one study, 4 weeks of cocoa powder consumption resulted 

in a small increase in apoA-I concentrations, while the increase was larger when 

consuming 850 mg of pure theobromine for 4 weeks. In addition, only theobromine 

consumption increased HDL-C concentrations, whereas no effect was found in the 

cocoa group [51]. Until now, the effect of cocoa and/or theobromine consumption on 

HDL cholesterol efflux capacity has never been studied. In chapter 4 of this 

dissertation, we investigated for the first time the effect of theobromine consumption 

on HDL-efflux capacity. For this, 44 overweight and obese men and women with 

low baseline HDL-C concentrations consumed 500 mg of theobromine for 4 weeks. 
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Although we observed an increase in HDL-C concentrations, daily intake of 

theobromine did not change ABCA1-mediated cholesterol efflux. Similarly, 

theobromine did not change cholesterol efflux postprandially (Table 1). Our study 

therefore suggests that it is unlikely that the beneficial effect of dark chocolate 

consumption on CVD risk can be attributed to theobromine, and that other 

components from cocoa could have more beneficial properties. For instance, the 

flavonoids present in cocoa might be potential candidates [52], as they improve 

cholesterol efflux in vitro [53]. However, human interventions are less consistent as 

some studies found improvement in HDL-efflux capacity after anthocyanin 

supplementation [54, 55], while others found no effects of isoflavone 

supplementation [56, 57]. In addition, combining the intake of theobromine with 

other bioactive compounds from cocoa might have synergistic effects, and therefore 

be more beneficial than when consumed alone. It was recently shown that 

consumption of a mixture of theobromine and caffeine together with flavanols 

increased the bioavailability of the flavanols, resulting in a more beneficial effect on 

vascular function, than when consuming flavanols alone [58]. However, if the same 

is true for cholesterol efflux remains to be determined. 

 

Plant sterol and stanol consumption 

To investigate the effect of plant sterol and plant stanol esters consumption on HDL 

functionality, data from 2 earlier studies with healthy subjects were used, including 

66 men and 41 women. Study 1 consisted of a short-term intervention of 8 weeks, 

whereas study 2 was a long-term intervention of 85 weeks (chapter 5). As plant 

sterols and plant stanols are transported by lipoproteins, this raises the question 

whether the functionality of HDL particles can be influenced by their content in 

plant sterols and stanols. In both studies, plant stanol consumption decreased CETP 

mass, while no effect was found on CETP activity and HDL-mediated cholesterol 

efflux. In addition, plant sterol intake did not affect any of the tested parameters 

(Table 1).  The fact that subjects did not have low HDL-C and high triacylglycerol 

(TAG) concentrations might have influenced the results. Indeed, plant stanol ester 

consumption was found to increase HDL-C concentrations in subjects with low 

HDL-C baseline concentrations. Similarly, high TAG baseline concentrations 

resulted in a more pronounced decrease in TAG concentrations [50]. Further studies 

in populations with low HDL-C and elevated TAG concentrations are therefore 

warranted to address the potential beneficial effects of plant sterol and stanol 

consumption on HDL metabolism and functionality. 
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Weight-loss intervention  

The impact of weight-loss induced by caloric restriction on cholesterol efflux was 

investigated in 52 abdominally obese men (chapter 6). At the end of the 6 weeks 

interventions, followed by 2 weeks of a weight-stable period, subjects had lost 10 kg. 

We found that HDL particles from obese subjects have a lower ability to stimulate 

cholesterol efflux from macrophages than normal weight subjects, which agrees 

with earlier studies [59-61].  This might be related to the chronic low-grade 

inflammation present in obese subjects [62], which is associated with a reduction in 

efflux capacity [63]. This is supported by our findings, as we reported that CRP levels 

were significantly higher in the abdominally obese men, and negatively associated 

with cholesterol efflux (chapter 6). 

Unfortunately, diet-induced weight loss failed to improve cholesterol efflux capacity 

(Table 1). This lack of effect might be explained by the duration of our study. Indeed, 

both HDL-C and apoA-I concentrations were increased only during the weight 

stable period, while a reduction was observed during the active weight-loss period 

[64, 65]. This suggests that the weight-stable period of 2 weeks that we have used 

might have been too short to observe already an effect on HDL-efflux capacity. In 

addition, the relationship between fat distribution and cholesterol efflux has been 

investigated (chapter 6). Negative associations between efflux capacity with both 

visceral and subcutaneous fat were observed. However, after stepwise linear 

regression analysis, only BMI remained a predictor of cholesterol efflux, suggesting 

that the various fat depots are not differently related to cholesterol efflux. It should 

be noted however that the subjects in our study had a waist circumference between 

102-110 cm. Possibly, the range in the waist-to-hip ratio, which is an indicator of fat 

distribution throughout the body (i.e. abdominal versus visceral fat) [66], was not 

large enough to observe associations. 

  



7 

General discussion 

 

 

145 

  



Chapter 7 

 

146 

Complexity of HDL experiments 

Storage of HDL 

An important factor to take into account when working with HDL particles is 

samples storage. Indeed, biological samples are generally stored under freezing 

conditions prior to analysis. However, storage conditions including freezing and 

thawing might cause irreversible structural and functional damages of HDL. The 

use of freshly prepared HDL would be preferred, but this would lead to significant 

inter-experimental variability, as well as additional costs [67]. It was previously 

demonstrated that HDL-C concentrations are decreased by approximately 1% per 

month, after a 6 months of storage at -20°C [68]. It is thus essential to know the 

impact of storage and freezing/thawing on the integrity of HDL preparations, as well 

as on HDL functional properties. The impact of short-term freezing at -20°C had no 

effect on HDL particles size, as well as on the ability of HDL to promote cholesterol 

efflux, especially when sucrose was added to the samples. However, in that study 

the samples were only stored for up to 7 days, and damage may therefore have 

occurred after longer-term storage [67]. A recent study has investigated the impact 

of short- and long-term storage and freezing on the structural and functional 

properties of isolated HDL [69]. Structural damages leading to the loss of proteins 

from HDL were already observed after 2 weeks of storage at -20°C or -70°C, and 

HDL remained stable at 4°C for up to 2 weeks only. In addition, flash-freezing HDL 

samples with nitrogen before storage did not prevent these damages. The use of 

cryoprotectants before storage, such as sucrose and glycerol, was able to protect 

HDL from storage damages. Cholesterol efflux capacity was significantly decreased 

after 5 weeks of storage at 4°C. Surprisingly, when stored at -20°C or -70°C, 

cholesterol efflux was increased, from 5 weeks onwards. The use of cryoprotectants 

did not affect cholesterol efflux measurements, suggesting that there is not need to 

remove them before performing the efflux measurements. The increase in 

cholesterol efflux observed can be explained by the loss of proteins due to the 

freezing process. Indeed, this leads to the formation of lipid-poor apoA-I, that might 

have structural and functional similarities with preβ-1 HDL, the primary acceptor 

of cholesterol from ABCA1 [69]. A limitation of that study is that it was performed 

on HDL samples isolated by ultracentrifugation. Therefore, the effects of storage on 

HDL samples isolated with other methods, such as FPLC, immuno-affinity 

chromatography or apoB precipitations, might be different and warrant further 

investigations. Nevertheless, HDL being very complex particles, it is necessary to 

pay careful attention to HDL samples storage, as it might profoundly affect 

structural and functional properties. In addition, storing HDL samples together with 

cryoprotectants may be useful in order to preserve the integrity and the functionality 

of HDL.  
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Stability of HDL-miRNAs 

As storage temperature and time can alter HDL samples, it is important to know if 

the stability of HDL-miRNAs is also affected by storage conditions. So far, the 

stability of only 2 miRNAs associated with HDL has been investigated, i.e. miR-135a 

and miR-223. Both HDL-miR-135a and HDL-miR-223 were stable at different 

temperatures (room temperature; 4°C; -20°C and -80°C), as well as up to five freeze-

thaw cycles [70]. Based on these data, it can be assumed that the miRNAs analyzed 

in chapter 4 remained stable throughout the study. However, HDL carries many 

others miRNAs, such as miR-92a (chapter 4), and some of these might be more 

sensitive to storage conditions than others. Whether these results can be 

extrapolated to the other HDL-miRNAs warrants therefore additional studies. It was 

also reported that the stability of miRNAs in plasma is dependent on their number 

of AU or UA motifs in their sequences: the higher, the less stable the miRNA is [71]; 

but whether this is also true for HDL-miRNAs remains to be determined.  

 

Isolation of HDL particles for miRNAs analysis 

In addition to HDL, miRNAs are carried by extracellular vesicles, such as exosomes 

[29, 72]. Exosomes are involved in various biological processes, including 

angiogenesis, intercellular communication, cell survival, inflammation and immune 

response, coagulation, and waste management [72]. As reported in the miRandola 

database and depicted in Figure 1, miRNAs are more abundantly present in 

exosomes than in HDL [41].  
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Figure 6: Proportions of extracellular forms of miRNAs as reported in the literature [41].  

Ago2 (Argonaute2) complexes are RNA-binding proteins involved in RNA silencing [73]. The term “circulating” 

indicates that the authors did not mention the form in which the miRNA is present. 

 

 

Furthermore, one of the characteristics of exosomes is that they have a similar 

density as HDL particles [29, 74] (Table 2). In this context, isolating HDL particles 

using only density gradient ultracentrifugation would result in a contamination of 

HDL particles with exosomes [74]. Thus, the contribution of HDL as carriers of 

miRNAs will be overestimated, as exosomes also contribute to the total miRNAs 

pool, and some miRNAs are found in both exosomes and HDL particles, such as 

miR-223 [75]. Because HDL and exosomes have different sizes (Table 2), Mitchell et 

al. have recommended a protocol using tandem HDL isolation with density-gradient 

ultracentrifugation followed by fast-protein-liquid chromatography (FPLC) to 

isolate highly purified HDL [76].  
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However, this method is time consuming and cumbersome. In our hands, isolation 

of HDL particles using only FPLC resulted in the detection of 4 exosomal markers, 

i.e. CD63, CD81, CD9 and HsP70, suggesting the presence of exosomes in the HDL 

samples (Figure 2 - panel 1).  

Another and faster approach to isolate HDL is by performing immuno-affinity 

chromatography, using goat anti-human apoA-I antibodies conjugated to 

Sepahrose-4B beads [29, 77]. When using this technique, HDLs specifically bind to 

the apoA-I beads. The bound HDLs are subsequently eluted and the recovered 

samples are finally concentrated. An advantage of this method is that the apoA-I 

beads can be stored for a long period at 4°C and re-used multiple times. In addition, 

purification of samples using immuno-affinity separation of proteins has proven to 

be an effective approach [78]. When using this technic, CD63 was not detected in the 

recovered supernatant. However, results for the other exosomal markers were less 

clear (Figure 2 - panel 2). 

In chapter 4, HDL was isolated by precipitation of apoB-containing lipoproteins, and 

exosomes were therefore still present in the supernatant used for the miRNAs 

analysis. Indeed, when using a mixture of phosphotungstic acid and magnesium 

chloride (Phosphotungstate Precipitant, Roche Diagnostics, Germany) to precipitate 

apoB-containing lipoproteins, all the exosomal markers but Hsp70 were detected by 

western blot (Figure 2 - panel 3). Similarly to HDL, exosomal miRNAs can be 

delivered to other cells and thus influence gene expression, making them a key 

player in cell-to-cell communication [79].  
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Figure 7: Detection of exosomal markers by western blot in HDL samples isolated by FPLC (1), immuno-

affinity chromatography using apoA1 beads (2), and precipitation of apoB-containing lipoproteins (3).  

(a) CD63: 53kDa; (b) Hsp70: 53-70kDa; (c) CD9: 28kDa; (d) CD81: 26kDa;  

HDL 1 = pooled FPLC fractions 16 to 18; HDL 2 = pooled FPLC fractions 19 to 21; HDL 3 = pooled FPLC fractions 

22 to 24.  

Samples for panels (2) and (3) were run in duplicate. 

 

 

In the circulation, miRNAs can also be associated with Ago2, which is involved in 

the silencing of mRNA [80, 81]. Both miR-92a [80] and miR-223 [82] are carried by 

Ago2. However, if Ago2-miRNAs can be released from cells and be taken up by 

recipient cells is not known yet. In addition, if Ago2 is co-isolated with HDL particles 

when using any of the isolation technics discussed above has never been 

investigated, and therefore deserves more attention.  

To summarize, the isolation of highly pure HDL particles for miRNAs analysis is 

challenging. Depending on the method used, HDL is likely to be co-isolated together 

with other forms of miRNAs-carriers. Therefore, more research is still needed to 

establish the optimal and simplest method for HDL isolation and purification. 
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Conclusion and future directions 

The studies described in this thesis focused on factors that may modulate and 

improve the ability of HDL particles to stimulate cholesterol-efflux capacity. We 

have first demonstrated that cholesterol efflux is related to SNPs of genes involved 

in HDL metabolism. It is of interest to examine if these relations persist when a larger 

number of subjects are included. However, our identified SNPs have not been 

associated so far with CAD by genome-wide association studies (GWAS) [83, 84]. 

Therefore, studies should be initiated to examine if these SNPs are related to CVD 

risk (chapter 3). We then investigated the effect of several dietary compounds on 

HDL-related parameters. Theobromine consumption for a period of 4 weeks did not 

increase HDL-efflux capacity. However, theobromine did have an effect on the 

levels of the miR-92a (chapter 4), which is involved in angiogenesis and 

atherosclerosis [85-87]. This study also showed that HDL-mediated cholesterol 

efflux capacity as well as miR-223 and miR-92a levels were significantly increased 

after meal intake, as compared to the fasting situation (chapter 4). Plant stanol 

consumption decreased CETP mass, while no effect was found on CETP activity and 

cholesterol efflux. In addition, plant sterol consumption did not affect any of these 

parameters. This lack of effects might be attributed to our study population. 

Additional intervention studies performed in subjects with a dyslipidemic profile, 

i.e. low HDL-C and high TAG concentrations, would be of interest to better 

understand the effects of plant sterol and plant stanol esters on HDL metabolism 

and functionality (chapter 5). Finally, we investigated if weight reduction was 

associated with an improvement in cholesterol efflux, but no beneficial effect was 

found. However, at baseline, BMI was found to be an important predictor 

cholesterol efflux (chapter 6).  

HDLs are very complex particles, varying in size and composition, and different 

HDL subfractions differently affect cholesterol efflux capacity. Further studies 

should therefore focus on the effect of interventions on each HDL subfraction. In 

addition, several transporters modulate cholesterol efflux. In our studies, the 

cholesterol efflux assays used focused on ABCA1-mediated cholesterol efflux from 

macrophages. However, other pathways, such as ABCG1 and SR-BI might be of 

interest as well, as they measure the efflux of cholesterol from macrophages to other 

HDL particles, i.e. HDL2 and HDL3. However, ABCG1- and SR-BI-mediated efflux 

pathways have not been related to CVD risk so far. Therefore, future research should 

address the involvement of these others transporters. The individual efficiencies of 

each transporter could be assessed by using BHK (baby hamster kidney) or CHO-

K1 (Chinese Hamster Ovary-K1) cells, which do normally not express these 

transporters, and can therefore be transfected with either ABCA1, ABCG1 or SR-BI. 

Additionally, even though in vitro ABCA1-mediated efflux assays have been 
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negatively associated with CVD risk, it is necessary to establish if these in vitro 

results are causally related to in vivo CVD risk.  

Since the discovery of miRNAs in 1993, the interest and knowledge in miRNAs has 

grown exponentially [88]. Because the miRNA signature is changed in many 

diseases, they have the potential to be used as biomarkers for disease diagnosis, as 

well as possible preventive and therapeutic targets. It was only until recently that 

miRNAs were discovered to be transported by HDL particles. In addition to the 

naturally endogenous miRNAs transported, HDL can also be loaded with specific 

miRNAs and deliver these exogenous miRNAs to recipient cells expressing SR-BI 

[29], making the use of HDL as a miRNAs-delivery vehicle attractive. However, the 

selective uptake of HDL by tissues and the roles of these HDL-miRNAs in health 

and disease are not well understood. It is also not known, how many miRNAs are 

exclusively transported by HDL particles. Extracellular vesicles, such as exosomes, 

are also carrying miRNAs and are important regulators of numerous biological 

processes. Given the large amount of miRNAs present in exosomes, further studies 

should focus on analyzing the exosome-miRNAs content, as well as their effect on 

cholesterol efflux capacity, and ultimately on CVD risk. There are currently 40 

clinical trials investigating the impact of miRNAs on CVD (ClinicalTrials.gov). 

However, more insight into the miRNAs content of each extracellular carrier, as well 

as the transporters involved in their export and delivery to recipient cells is needed 

to gain more knowledge on their potential effects on the development of CVD. 
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Cardiovascular diseases (CVD) are the leading cause of death worldwide, 

representing 31% of all global deaths. CVD are defined by several diseases of the 

heart and blood vessels, and involve several disorders, including coronary heart 

disease (CHD), peripheral arterial disease and cerebrovascular disease. One of the 

underlying causes of CHD is atherosclerosis. Dyslipidemia, characterized by a high 

level of low-density lipoprotein cholesterol (LDL-C) and triacylglycerol (TAG), and 

a low level of high-density lipoprotein cholesterol (HDL-C), is an important risk 

factor for the development of atherosclerosis. Although an inverse relationship 

between serum HDL-C concentrations and CVD risk has been found in several 

epidemiological studies, raising HDL-C levels failed to reduce CVD risk. It becomes, 

however, more and more accepted that improving HDL functionality represents a 

better target to reduce CVD risk. Indeed, a strong inverse relationship between 

HDL-mediated cholesterol efflux capacity, and the prevalence and the incidence of 

coronary artery disease (CAD) has been demonstrated in several epidemiological 

studies, and HDL-mediated cholesterol efflux was a strong predictor of CAD. 

The research presented in this thesis focused on (1) a systematic review discussing 

factors and ABC-transporters that are associated with HDL-mediated cholesterol 

efflux in humans, and on (2) modulators of ABCA1-mediated cholesterol efflux from 

macrophages in humans. For this, the associations between genetic determinants, 

molecular factors, such as microRNAs (miRNAs), and environmental factors, i.e. 

diet and weight loss, and cholesterol efflux capacity were investigated. 

 

In chapter 2, associations between ABC-transporters, HDL particle characteristics, 

subjects’ characteristics, HDL-C raising drugs, lifestyle, genetic background, as well 

as acute and low-grade systemic inflammation and HDL-mediated cholesterol efflux 

were reviewed. These studies showed that in particular small preβ-1 HDL is an 

important determinant of HDL-mediated cholesterol efflux. This seems to contradict 

results from epidemiological studies, suggesting that large HDL2 particles are 

related to a reduced CVD risk. Chapter 3 discusses the association between single 

nucleotide polymorphisms (SNPs) and HDL-mediated cholesterol efflux in healthy 

volunteers. In this study, SNPs coding for key genes involved in the reverse 

cholesterol transport pathway from 50 men and 57 women were determined, and 

HDL-mediated cholesterol efflux was measured by incubating radiolabeled-3H-

cholesterol loaded murine J774 macrophages overexpressing ABCA1 with 

apolipoprotein B-depleted serum. HDL-mediated cholesterol efflux was related to 

SNPs located in ABCA1, ABCG1, LXRβ and CETP. However, there is no evidence in 

the literature so far that these SNPs are related with a change in the risk to develop 

CVD. Further, ABCA1-mediated cholesterol efflux was positively associated with 

the use of statins and HDL-C concentrations, and a negative trend was observed for 
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age, while no associations were found for gender and BMI.  In chapter 4, the effect 

of theobromine consumption on fasting and postprandial cholesterol efflux was 

studied. In addition, three miRNAs known to be associated with HDL particles were 

selected, and their association with HDL-efflux capacity was investigated. In this 

randomized double-blind cross over study 30 overweight and 14 obese healthy men 

and women were included. Subjects were asked to consume 500 mg of theobromine 

or placebo daily for 4 weeks. At the end of the intervention, fasting and postprandial 

samples were collected. Cholesterol efflux was measured in BODIPY-labeled murine 

J774 macrophages overexpressing the ABCA1 transporter, and miRNAs levels (miR-

92a; miR-223 and miR-135a*) were quantified. This study showed that high-fat meal 

intake increased postprandial cholesterol efflux capacity, as well as miR-92a and 

miR-223 levels. However, 4 weeks of theobromine consumption did not increase 

HDL-mediated cholesterol efflux capacity at baseline and postprandially. In 

addition, theobromine could exert anti-atherogenic properties by reducing miR-92a 

levels. Chapter 5 describes the effect of plant sterol and plant stanol consumption on 

cholesterol efflux and on CETP (cholesteryl ester transfer protein) mass and activity 

in 107 healthy men and women. This chapter used results from two studies 

previously performed at Maastricht University. In the first study subjects had to 

consume a control margarine or a margarine enriched with plant stanol esters for 8 

weeks. In the second study, subjects were asked to consume a control margarine, or 

a plant sterol ester enriched margarine, or a plant stanol ester enriched margarine 

for 85 weeks. Cholesterol efflux was measured by incubating radiolabeled-3H-

cholesterol loaded murine J774 macrophages overexpressing ABCA1 with 

apolipoprotein B–depleted serum. Plant stanol intake significantly decreased CETP 

mass, but had no effect on CETP activity and cholesterol efflux. No effects of plant 

sterols were found on any of these parameters. Finally, chapter 6 describes the effect 

of diet-induced weight loss on HDL-mediated cholesterol efflux and CETP activity 

in abdominally obese men. Cross-sectional differences at baseline between normal-

weight and abdominally obese men were also investigated. Twenty-five apparently 

healthy, normal-weight men and 52 abdominally obese men were included in this 

study. Abdominally obese subjects were randomly allocated to a dietary weight-loss 

intervention group or a no-weight loss control group. Individuals from the 

intervention group followed a very-low-calorie diet for 6 weeks to obtain a waist 

circumference below 102 cm, followed by a weight-stable period of 2 weeks. 

Cholesterol efflux was measured in BODIPY-labeled murine J774 macrophages. 

CETP activity was measured by quantifying the transfer of CE from radiolabeled 

exogenous HDL to apoB-containing lipoproteins. Cross-sectionally, cholesterol 

efflux was negatively associated with the body mass index, while a positive 

association was found for CETP activity. However, diet-induced weight loss of 10 

kg did not improve these two parameters. It would be of interest to address in future 
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studies the importance of a longer period of stable body weight and the involvement 

of other transporters on efflux pathways. 

 

Taken together, the research studies described in this dissertation were designed to 

assess how HDL functionality, i.e. HDL cholesterol efflux capacity, can be 

modulated and improved in humans. It was demonstrated that SNPs of genes 

involved in HDL metabolism are related to the ability of HDL to promote cholesterol 

efflux. Unfortunately, the dietary factors investigated as well as weight loss were not 

associated with an improvement in HDL-mediated cholesterol efflux. Further 

studies are therefore needed in order to determine the best dietary strategies to 

improve cholesterol efflux capacity, and to ultimately reduce CVD risk. 
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Les maladies cardiovasculaires (MCV) sont la principale cause de décès dans le 

monde, représentant 31% de la mortalité mondiale totale. Les MCV sont définies par 

plusieurs maladies du cœur et des vaisseaux sanguins et implique un ensemble de 

troubles comprenant les maladies coronariennes, les artériopathies périphériques et 

les maladies cérébro-vasculaires. Une des causes sous-jacentes des maladies 

coronariennes est l'athérosclérose. La dyslipidémie, caractérisée par un taux élevé 

du cholestérol des lipoprotéines de basse densité (LDL-C) et des triglycérides (TG), 

et un faible taux du cholestérol des lipoprotéines de haute densité (HDL-C), est un 

facteur de risque important dans le développement de l'athérosclérose. Bien qu'une 

association inverse entre les concentrations sériques de HDL-C et le risque de MCV 

ait été constatée dans plusieurs études épidémiologiques, l'élévation des 

concentrations de HDL-C n'a pas réussi à réduire le risque de MCV. Il est de plus en 

plus accepté que stimuler la fonctionnalité des particules HDL constitue une 

meilleure cible pour réduire le risque de MCV. En effet, une forte relation inverse 

entre l'efflux de cholestérol des macrophages vers les HDL et la prévalence et 

l'incidence des MCV a été démontrée, et l'efflux de cholestérol est un prédicteur des 

MCV. 

Les travaux de recherche présentés dans cette thèse ont porté sur (1) une analyse 

systématique des facteurs et des transporteurs ABC associés à l'efflux de cholestérol 

médiés par les particules HDL chez l'humain et (2) des modulateurs de l'efflux de 

cholestérol des macrophages vers les HDL chez l'humain, via le transporteur 

ABCA1. Pour ce faire, les associations entre les déterminants génétiques, les facteurs 

moléculaires, tels que les micro-ARN (miARN), et les facteurs environnementaux, 

tels que l'alimentation et la perte de poids, et l'efflux de cholestérol ont été étudiés. 

 

Dans le chapitre 2, les associations entre les transporteurs ABC, les caractéristiques 

des particules HDL, les caractéristiques des sujets, les médicaments destinés à 

augmenter le taux de HDL-C, le mode de vie, les antécédents génétiques, ainsi que 

l’inflammation systémique de bas grade, et l'efflux de cholestérol médié par les 

particules HDL ont été étudiés. Ces études ont montré que les petites particules 

preβ-1 HDL sont d’importants déterminants dans l'efflux de cholestérol. Cela 

semble contredire les résultats d'études épidémiologiques qui suggèrent que les 

grandes particules de HDL2 sont liées à un risque réduit de MCV. Le chapitre 3 

traite de l'association entre les polymorphismes nucléotidiques (SNP) et l'efflux de 

cholestérol médié par les particules HDL chez des volontaires sains. Dans cette 

étude, des SNPs codant pour des gènes clés impliqués dans la voie de transport du 

cholestérol inverse chez 50 hommes et 57 femmes ont été déterminés, et l'efflux de 

cholestérol a été mesuré en incubant des macrophages murins J774 marqués 

radioactivement à l’aide de 3H-cholestérol surexprimant le transporteur ABCA1 
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avec du sérum dépourvu d’apolipoprotéines-B (apoB). Nous avons conclu que 

l'efflux de cholestérol médié par ABCA1 était positivement associé à l'utilisation des 

statines et aux concentrations de HDL-C, et une tendance négative a été observée 

pour l'âge. De plus, la capacité d'efflux de cholestérol était liée aux SNPs codant pour 

les gènes ABCA1, ABCG1, LXRβ et CETP. Cependant, il n'y a jusqu’à présent aucune 

preuve dans la littérature que ces SNP sont liés à un changement dans le risque de 

développer des MCV. De plus, l'efflux de cholestérol médié par ABCA1 était 

positivement associé avec l'utilisation de statines et les concentrations de HDL-C, et 

une tendance négative a été observée pour l'âge, alors qu'aucune association n'a été 

trouvée pour le sexe et l'indice de masse corporelle (IMC). Dans le chapitre 4, nous 

avons étudié l'effet de la consommation de théobromine sur l'efflux de cholestérol à 

jeun et postprandial. De plus, trois miARNs connu pour être associés aux particules 

de HDL ont été sélectionnés, et leur association avec la capacité d'efflux de HDL a 

été étudiée. Dans cette étude randomisée en cross-over et double aveugle, 30 

hommes et femmes en surpoids et 14 hommes et femmes obèses en bonne santé ont 

été inclus. Les sujets ont dû consommer 500 mg de théobromine ou de placebo par 

jour pendant 4 semaines. À la fin de l'intervention, des échantillons à jeun et des 

échantillons postprandiaux ont été prélevés. L'efflux de cholestérol a été mesuré 

dans des macrophages murins J774 marqués à l’aide de BODIPY-cholestérol 

surexprimant le transporteur ABCA1. Les concentrations de chaque miARNs (miR-

92a, miR-223 et miR-135a*) ont été quantifiés. Cette étude a montré que la 

consommation d’un repas riches en graisses augmente la capacité d'efflux de 

cholestérol, ainsi que les concentrations de miR-92a et miR-223. Cependant, 4 

semaines de consommation de théobromine n'ont pas amélioré la capacité d'efflux 

de cholestérol médiée par le HDL, à jeun et à la suite du repas. De plus, la 

théobromine pourrait exercer des propriétés anti-athérogènes en réduisant les 

concentrations de miR-92a. Le chapitre 5 décrit l'effet de la consommation de stérols 

et de stanols végétaux sur l'efflux de cholestérol ainsi que sur l'activité et la masse 

de CETP (cholesteryl ester transfer protein), chez 107 hommes et femmes en bonne 

santé. Ce chapitre regroupe les résultats de deux études réalisées précédemment à 

l'Université de Maastricht. Dans la première étude, les sujets devaient consommer 

une margarine témoin ou une margarine enrichie en stanols végétaux pendant 8 

semaines. Dans la deuxième étude, il a été demandé aux sujets de consommer une 

margarine témoin, une margarine enrichie en stérols végétaux ou une margarine 

enrichie en stanols végétaux pendant 85 semaines. L'efflux de cholestérol a été 

mesuré dans des macrophages murins J774 marqués à l’aide de 3H-cholestérol 

surexprimant le transporteur ABCA1. La consommation de stanols végétaux a 

significativement diminué la masse de CETP, mais n'a eu aucun effet sur l'activité 

de la CETP et l'efflux de cholestérol. De plus, aucun effet des stérols végétaux n'a été 

trouvé sur aucun des paramètres testés. Enfin, le chapitre 6 décrit l'effet de la perte 
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de poids, induite par un régime alimentaire, sur l'efflux de cholestérol et l'activité de 

la protéine impliquée dans le transfert des esters de cholestérol entre les différentes 

lipoprotéines, i.e. CETP, chez des hommes présentant une obésité abdominale. De 

plus, les différences entre les hommes de poids normaux et les hommes obèses ont 

également été étudiées. Vingt-cinq hommes apparemment en bonne santé, de poids 

normal et 52 hommes obèses ont été inclus dans cette étude. Les sujets présentant 

une obésité abdominale ont été répartis de façon aléatoire dans le groupe 

d'intervention ou le groupe témoin sans perte de poids. Les individus du groupe 

d'intervention ont suivi un régime très faible en calories pendant 6 semaines pour 

obtenir un tour de taille inférieur à 102 cm, suivi d'une période de 2 semaines au 

cours de laquelle le poids devait rester stable. L'efflux de cholestérol a été mesuré 

dans des macrophages murins J774 marqués à l’aide de BODIPY-cholestérol, et 

surexprimant le transporteur ABCA1. L'activité de CETP a été mesurée en 

quantifiant le transfert de cholestérol estérifiés entre des particules exogène de HDL 

vers les lipoprotéines riches en apoB. Il a été démontré que l'efflux de cholestérol 

était négativement associé à l’IMC, tandis qu'une association positive a été observée 

pour l'activité de CETP. Toutefois, la perte de poids de 10 kg induite par le régime 

alimentaire n’a pas amélioré ces deux paramètres. Il serait intéressant d'aborder, 

dans des études futures, l'importance d'une plus longue période de stabilité du 

poids corporel et l’implication de d’autres transporteurs dans l’efflux de cholestérol. 

 

Les études de recherche décrites dans cette thèse ont été conçues pour évaluer 

comment la fonctionnalité des particules de HDL peut être modulée et améliorée 

chez l'humain. Il a tout d’abord été démontré que des SNP codant pour des gènes 

impliqués dans le métabolisme des HDL sont liés à la capacité des particules de HDL 

à stimuler l'efflux de cholestérol. Malheureusement, les facteurs alimentaires étudiés 

ainsi que la perte de poids n'ont pas été associés à une amélioration de l'efflux de 

cholestérol médié par le HDL. D'autres études sont donc nécessaires afin de 

déterminer les meilleures cibles pour améliorer la capacité d'efflux de cholestérol et, 

à terme, réduire le risque de MCV. 
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Social and economic relevance 

Despite considerable progress in tackling the development of cardiovascular disease 

(CVD), it remains one of the leading causes of death. On a yearly basis, CVD is 

responsible for 3.9 million of death in Europe and account for 31% of all global death 

worldwide. In 2015, more than 85 million people were living with CVD in Europe. 

In this context, CVD represents also a major economic burden. Overall, in Europe, it 

is estimated that CVD cost 210 billion euros yearly, including cost due to health care, 

loss of productivity and to informal care of people with CVD [1, 2]. Therefore, it is 

essential to better understand the underlying mechanism leading to CVD, in order 

to develop effective strategies to prevent or delay CVD development.  

 

Atherosclerosis is the main underlying pathology in CVD development and 

dyslipidemia is an important risk factor for atherosclerosis. Interventions targeting 

low-density lipoprotein cholesterol (LDL-C) have been successfully developed [3, 

4]. However, subjects using therapies to reduce their LDL-C concentrations often fail 

to reach the desired LDL-C concentrations, leading to a remaining risk for CVD. It 

is therefore essential to discover other approaches to further reduce CVD risk. 

Increasing high-density lipoprotein cholesterol (HDL-C) concentrations is also an 

attractive target, as many epidemiological studies have found an inverse association 

between HDL-C concentrations and CVD risk [5, 6]. However, raising HDL-C levels 

failed to reduce CVD risk [7], while recent evidences suggest that increasing the 

cholesterol efflux capacity of HDL particles protects against the development and 

the recurrence of CVD [8-10]. It is therefore time to switch the research focus from 

HDL-C to HDL functionality, i.e. HDL-mediated cholesterol efflux capacity. 

 

The most important behavioral risk factors for CVD are unhealthy diets, lack of 

physical activity, smoking and an excessive use of alcohol [2]. Foods containing 

bioactive components, so-called functional foods, can be used for the prevention of 

CVD, and beneficial effects on lipid metabolism have already been shown [11]. 

However, functional foods aiming at increasing HDL cholesterol efflux capacity are 

not yet available, and development of such food items is therefore needed. In this 

thesis, we aimed to identify potential ingredients that might improve HDL-

mediated cholesterol efflux. We first hypothesized that theobromine could be one of 

the potentially healthy components in cocoa. Indeed, dark chocolate consumption is 

a highly consumed food and has been associated with a reduction in the risk to 

develop cardiovascular disease (CVD) [12]. It is therefore of interest to identify 

which compound(s) in cocoa is/are responsible for the beneficial effects, as the 

identified compound(s) could subsequently be used as functional ingredients. 
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Unfortunately, we did not find that theobromine had any beneficial effects on HDL 

cholesterol efflux capacity. Secondly, nowadays many functional food products 

enriched in plant sterol and plant stanol, such as margarines, have been developed 

and were shown to reduce cholesterol concentrations [13]. However, in line with 

theobromine, plant sterol and stanol enriched products did also not improve HDL 

cholesterol efflux capacity. 

 

Relevance of measurements 

The research described in this dissertation helps to better understand how HDL 

cholesterol efflux capacity can be modulated and improved in humans, in order to 

reduce CVD risk.  In 2016, over 1.9 billion of the global adult population was 

overweight; of these more than 650 million were obese. Because people with 

overweight and obesity are at high risk to develop CVD [14], the effect of weight loss 

on HDL efflux capacity is therefore of clinical importance when studying CVD risk. 

In addition, the majority of the population spends a large part of the day in the 

postprandial state, and disturbances in postprandial lipoproteins metabolism are 

important risk markers for CVD [15, 16]. In this context, measuring not only fasting 

but also postprandial cholesterol efflux capacity is of importance. Furthermore, the 

microRNAs (miRNAs) signature has been demonstrated to be altered in diseased 

subjects [17]. A better understanding of the involvement of specific miRNAs in the 

modulation of HDL-mediated cholesterol efflux is of interest, and could help for the 

development of strategies using miRNA-based therapies. MiRNAs therapies are 

currently being developed, and Miravirsen, a miR-122 antagonist, is currently in 

phase II clinical trials and may be the first miRNA-targeted drug receiving FDA 

(Food and Drug Administration) approval for the treatment of hepatitis C [18, 19]. 

Ultimately, the discovery of new therapies targeting the increase of HDL 

functionality, either via miRNAs or not, would help to reduce the costs generated 

by the treatment of CVD.   

 

Translation into practice 

With the present thesis, we expect to increase the awareness of the medical, societal 

and economic consequences of CVD, and to highlight the potential impact of genetic 

background, miRNAs and nutrition on HDL functionality as related to CVD risk. 

The results presented in this thesis have been presented at several national and 

international conferences. Furthermore, the research findings have been or will be 

submitted to international peer-reviewed scientific journals.
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