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Abstract: The strong inverse relationship between high density lipoproteins-cholesterol (HDL-C) levels and 
cardiovascular disease (CVD) has aroused a strong interest in the research of lifestyle and pharmacological agents 
capable of elevating plasma HDL levels.  HDL is essential in reverse cholesterol transport (RCT), thus its anti-
atherogenic function. However, torcetrapib, a compound that increases plasma HDL-C levels, was unexpectedly 
associated with an increased cardiovascular mortality. The findings led to consider that HDL functionality and quality 
might be more relevant to CVD than the total circulating HDL quantity itself. Adherence to the Mediterranean diet is 
known to be associated with increased HDL-C and decreased risk of CVD. However, the mechanism by which this 
happens has been yet poorly investigated and the effect of nutrition on HDL functionality and quality needs further 
attention. 
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HIGH DENSITY LIPOPROTEIN AND CARDIOVAS-
CULAR DISEASE: A BRIEF EXCURSUS 

Extensive epidemiological data have shown that low 
circulating concentrations of high density lipoprotein 
(HDL) are associated with increased risk of 
cardiovascular disease (CVD). HDL is considered 
atheroprotective because of its role in reverse 
cholesterol transport (RCT), which consists of the 
transport of excess cholesterol from peripheral tissues 
to the liver or intestine for excretion into the bile and 
lumen respectively, and its final disposal through the 
faeces. Thus, increasing plasma HDL levels has 
become a substantial therapeutic target for preventing 
CVD. Nevertheless, pharmacological increases in HDL 
have not always been correlated with a decrease in 
CVD risk. For example, Torcetrapib was shown to 
efficiently increase HDL levels, but phase III trials were 
interrupted because of an increase in cardiovascular 
mortality [1]. Khera et al. have recently shown an 
inverse relationship between cholesterol efflux capacity 
and carotid intima-media thickness, both before and 
after adjusting for HDL-cholesterol (HDL-C) [2]. These 
surprising results lead to consider that it might not be 
the quantity of HDL that should be raised, but, rather, 
the quality of the HDL particles that should be 
increased for more efficient cholesterol efflux and 
atheroprotection. In mice lacking endothelial lipase or 
hepatic lipase despite an increase in HDL-C, 
macrophage RCT was not increased [3]. Indeed, HDL  
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plasma levels are not predictive of the degree of RCT 
because HDL constitutes a heterogeneous group of 
particles differing in density, size, lipid composition, and 
apolipoprotein content. These different HDL particles 
should have different efficiencies of cholesterol efflux. 
Castro and Fielding found that a significant part of cell-
derived cholesterol is transferred specifically to a pre-
beta-migrating lipoprotein A1 (pre-β-HDL population) 
[4]. Statins [5] and niacin [6] increase the large, apoA1 
containing HDL subpopulations, but fibrates tend to 
selectively increase smaller HDL subpopulations [7]. 
Thus, determining the efficiency of cholesterol efflux of 
the different populations of HDL is essential in 
determining HDL functionality. 

HDL AND REVERSE CHOLESTEROL TRANSPORT 

HDL is formed by the lipidation of apoA1, mediated 
by several ATP-binding cassette transporters (ABCs). 
A key protein in RCT is the ATP-binding cassette 
transporter A1 (ABCA1). Defects in this protein cause 
Tangier’s disease, characterized by very low levels of 
HDL, accumulation of macrophage foam cells, and 
increased atherosclerosis [8]. Mice over-expressing 
ABCA1 exhibit higher HDL levels and a decreased risk 
of atherosclerosis relative to wild type mice [9], 
indicating the indispensable role of ABCA1 in HDL 
biogenesis. ABCA1 binds to apoA1 and effluxes 
cholesterol and phospholipids to apoA1; then, this 
partially lipidated apoA1 particle is further lipidated by 
ABCG1 and/or ABCG4. The HDL thus formed is then 
matured in the plasma by the incorporation of 
apoproteins (apoAII, apoAIV, ApoCs, and apoE) and 
other HDL-associated proteins. The resulting particle is 
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further remodeled by other proteins, including PLTP, 
CETP, LCAT, SR-BI, and several lipases. The role of 
these proteins in HDL functionality - especially 
concerning the ability of HDL to efflux cholesterol - 
deserves further investigation. 

It remains unclear which component(s) of the HDL 
particle specifically determine its overall quality. It has 
been shown that trypsinized HDL is not as efficient in 
facilitating cholesterol efflux, because hydrophobicity of 
the C-terminal amphipathic α-helix plays a critical role 
in determining apoA1 functionality [10]. Shao et al. 
described that oxidation by myeloperoxidase-generated 
chlorinating intermediates of apoA1 in the arterial wall 
which could contribute to atherogenesis by impairing 
cholesterol efflux from macrophages [11]. These 
results suggest that apoA1 structure and oxidative 
state affect cholesterol efflux. HDL prevents low density 
lipoprotein (LDL) oxidation, thus conferring anti-
inflammatory, antioxidant, and anti-atherogenic 
properties with potential positive consequences on 
atherogenesis. Taken together, these results suggest 
that oxidation of HDL is both atheroprotective because 
of the protection of LDL from oxidation and atherogenic 
because of reduced cholesterol efflux to oxidized 
apoA1. The effects of other HDL-components 
(phospholipids, fatty acids, triglycerides, proteins) on 
the efficiency of cholesterol efflux need yet to be 
determined.  

Functional HDL particles will not only uptake 
cholesterol from peripheral tissues, but also efflux 
cholesterol to liver and intestinal cells in order to 
redirect this cholesterol for excretion. HDL functionality 
has mainly been assessed in terms of its ability to 
uptake cholesterol from macrophages. Accumulation of 
cholesterol in macrophages leads to the formation of 
foam cells and atherosclerotic plaque; thus, the interest 
in decreasing cholesterol levels in macrophages before 
they become foam cells. However, when determining 
HDL functionality one should not only consider 
cholesterol efflux to HDL but also cholesterol uptake by 
SR-BI for secretion into the gut. If the final step of RCT 
is not efficient, then excess cholesterol will not be 
disposed of properly. Indeed, mice lacking SR-BI were 
found to have increased plasma cholesterol associated 
with large HDL particles [12], but biliary cholesterol 
secretion was reduced [13]. On the other hand, hepatic 
over expression of SR-BI in mice resulted in decreased 
plasma HDL [14, 15], increased RCT from 
macrophages to feces [16], and increased biliary 
cholesterol secretion [15]. In mice prone to 
atherosclerosis, hepatic over expression of SR-BI  

reduced the risk of atherosclerosis [17], indicating a 
protective role of SR-BI in RCT. These results suggest 
that removal of cholesterol by SR-BI is essential in 
RCT and that this removal might allow further efflux of 
peripheral cholesterol to the HDL which previously lost 
its cholesterol via SR-BI. 

POTENTIAL ROLE OF DIET ON HDL QUANTITY 
AND QUALITY 

The role of nutrition on HDL quality and functionality 
is currently poorly understood. Certain nutrients are 
known to increase HDL-C levels, but the question is 
whether they can alter HDL functionality. Indeed, 
whereas one nutrient could increase the concentration 
of one HDL subpopulation which is, however, not 
efficient in RCT, another nutrient could also increase 
HDL functionality. Thus, total HDL-C levels could be 
increased by both diets, but only the latter would 
reduce the risk of CVD. For this reason, it is imperative 
to asses which HDL populations are affected by 
nutritional interventions and whether these changes are 
beneficial in terms of RCT. For example, the ingestion 
of olive and palm oils is thought to be atheroprotective 
because - in humans - it decreases LDL and increases 
HDL levels. However, the expression of ABCA1 is 
decreased in vitro by oleic acid [18, 19], the main fatty 
acid of olive oil, suggesting that HDL should decrease 
after olive oil consumption. Then, why does olive oil 
increase HDL? Are the other components of olive oil 
modulating ABCA1, ABCG1 and ABCG4 expression or 
it is that a more functional HDL particle is formed in the 
presence of olive oil? Berrougui et al. have shown that 
HDL preincubated with phenolic extracts of virgin argan 
oil increased cholesterol efflux from macrophages 
(THP-1) [20], suggesting that polyphenolic extracts of 
olive oil might also be playing a role in the increase of 
HDL-C. Indeed, Covas et al. reported that the phenolic 
content of olive oil provided benefits for plasma lipid 
levels and oxidative damage [21].  

Fish oil consumption is cardioprotective, largely 
because of the presence, in fish, of long-chain omega-
3 fatty acids, namely docosahexaenoic (DHA, 22:6n-3) 
and eicosapentaenoic (EPA, 20:5n-3) acids [22]. DHA 
consumption increases HDL but the mechanisms by 
which this occurs are not known [23]. Indeed, DHA 
incorporates into phospholipids, but is also found in 
free form (as a fatty acid bound to albumin) in plasma. 
It remains to be determined which of these forms, i.e. 
phospholipid or free fatty acid, could be affecting the 
HDL rise and whether or not they affect HDL 
functionality. 
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Finally, moderate consumption of alcohol increases 
HDL and, thus, is considered cardio-protective. The 
mechanisms by which alcohol increases HDL are not 
clear, but Berrougui et al. showed that resveratrol 
(which is contained in minute amounts in red wine) 
induces the efflux of cholesterol to apoA1 [24]. 
Nevertheless, the effects of alcohol on HDL 
functionality need in-depth investigation.  

Mechanistically, ABCA1 is known to not only efflux 
cholesterol and phospholipids but also β-sitosterol 
(plant sterol) [25], α-tocopherol (vitamin E) [26] and 
retinol (vitamin A) [27] and probably other dietary lipids 
that have not yet been determined. The role of these 
lipids in HDL functionality deserves further investigation 
as differences in phospholipid, sterol, triglyceride, and 
vitamin composition of HDL could affect its size, 
charge, or oxidative state, and, in turn, cholesterol 
efflux. Indeed, oxidation of apoA1 was shown to 
severely impair cholesterol efflux by the ABCA1 
pathway [28], hence the interest of anti-oxidant 
supplementation for the prevention of CVD. Notably, 
the effect of antioxidants such as vitamin E and β-
carotene have shown inconclusive results as to their 
protection in CVD [29, 30]. However, the haptoglobin 
(Hp) protein is associated with HDL and, in humans, 
there exist two genetic variants: Hp1 and Hp2. Vitamin 
E supplementation appeared to provide substantial 
cardiovascular benefit to Hp 2-2 diabetic [31] 
individuals, but it also appeared to promote CVD in Hp 
2-1 diabetic individuals [32]. The protein product of the 
Hp2 allele is an inferior antioxidant compared to the 
Hp1 allele product, which could explain these results 
since vitamin E is an antioxidant transported in plasma 
associated to lipoproteins. Farbstein et al., showed that 
cholesterol efflux to HDL was increased after vitamin E 
supplementation in the Hp2-2 genotype and decreased 
in the Hp 2-1 genotype [33]. These results suggest a 
role for nutrition in HDL functionality with a genotype-
dependent basis. 

CONCLUSIONS 

The notion of HDL functionality rather than (or in 
addition to) HDL concentration is gaining momentum. 
Most epidemiological studies on the beneficial effects 
of diet on CVD have focused on measuring increases 
in HDL-C, decreases in LDL-C, decreases in triglyceri-
des, plasma antioxidant capacity, other variables, and 
surrogate markers. Yet, little attention has been given 
to the functionality of HDL and its efficiency in RCT. 
Even though it is known that some food items such as 
olive oil, palm oil, walnuts, polyphenols, alcohol, and 

DHA increase HDL-C, the mechanisms by which they 
do so remain unclear and HDL functionality is still not 
well defined. Thus, more future attention should be 
given to the capacity of the HDL particle to efflux 
cholesterol from macrophages and to transfer 
cholesterol from the HDL particle to the liver and/or 
intestine for the disposal of excess cholesterol. 
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