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AbsTRACT
The risk for cardiovascular disease (CVD) is inversely correlated with high density 
lipoprotein cholesterol (HDL-C) plasma levels. These plasma HDL-C levels are 
influenced by the activity of a number of enzymes and receptors and therefore 
variations in the genes encoding for these proteins may consequently result in an 
altered CVD risk. 

Identification of such pivotal players in HDL-C metabolism that are also strongly 
associated with CVD risk is crucial for the materialization of novel therapeutic 
modalities.

A large deal of knowledge has been obtained by studies involving families with 
extreme HDL phenotypes based on specific to molecular defects. In fact, thus far 
monogenetic defects have been described in the genes coding for ApoA1, ABCA1, 
CETP, LIPG, PLTP and LCAT. Despite the fact that the total numbers of carriers of such 
mutations is rather small, much can be gained by extensively studying the metabolic 
and vascular consequences of these mutations. Surrogate markers for atherosclerosis 
have proven to be useful to overcome this sample size limitation and have been 
widely exploited to study families with decreased or increased HDL-C levels in order 
to correlate HDL-C phenotypes to atherosclerotic burden in cases and controls. 

Apart from such extreme phenotype approaches, novel population based genome-
wide association studies (GWAS) have been used to decipher the link between genetic 
loci and HDL-C levels, and the identification of novel HDL-C related genes is eagerly 
awaited.

These might be instrumental in the ongoing fight against atherosclerosis.
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InTRoDuCTIon
Despite revolutionary advances allowing early detection and aggressive therapeutic 
intervention, atherosclerosis remains a major cause of mortality and morbidity in the 
industrialized world [1], Through large epidemiological surveys, a number of key risk 
factors for atherosclerosis have been identified. A low plasma level of high density 
lipoprotein cholesterol (HDL-C) has consistently been shown to be an independent 
risk factor [2], which has led to the awareness that low HDL-c levels should be taken 
into account while assessing CVD risk in patients. As a result, current guidelines from 
the Adult Treatment Panel III emphasize targeting primarily low density lipoprotein 
cholesterol (LDL-C), secondarily non HDL-cholesterol (HDL-C) and then HDL-C [3].

Given the aforementioned relationship between HDL-c levels and CVD risk, the 
development of pharmacotherapeutical agents designed to raise HDL-C has attracted 
a lot of attention. 

Observational studies have shown that each 1-mg/dL decrease in plasma HDL-C 
concentration is associated with 2% to 3% increased risk in CVD. In addition, each 
1-mg/dL increase is associated with a 6% lower risk of coronary death, independent 
of LDL-C level [4,5]. Most of the approaches, however, are rather non-specific; they 
do not only result in an HDL-C increase but also affect other lipoproteins, creating a 
hurdle to really adequately appreciate the precise impact of HDL increase on CVD 
risk. Current strategies involve fibric acid derivatives (fibrates), and nicotinic acids or 
its derivatives. 

In addition to these since long prescribed agents, novel targets to elevate HDL-C 
are warranted.

The study of single gene mutations that trigger robust alterations in HDL-C 
plasma concentrations provides an opportunity for defining important players in HDL 
metabolism. Such novel discovered proteins can then be considered as potential 
targets for therapeutic intervention to decrease the atherosclerotic burden. 

Based on recent literature, 6 genes can be considered as ‘established HDL genes’. 
These human genes encode proteins that directly affect HDL synthesis, maturation, 
conversion and catabolism and, as a consequence, directly affect plasma HDL-
cholesterol levels. 

The genes encoding apolipoprotein AI (apo-AI), lecithin cholesterol acyltransferase 
(LCAT) and ATP binding cassette protein AI (ABCAI) are key players in HDL-synthesis, 
illustrated by the fact that complete deficiency of these proteins leads to extremely 
low plasma HDL-C levels. In contrast, lack of endothelial lipase (LIPG) and cholesteryl 
ester transfer protein (CETP) is associated with accumulation of mature HDL in the 
circulation [6]. Phospholipid transfer protein (PLTP) deficiency leads to absence of HDL 
remodeling, resulting in deficiency and accumulation of specific HDL sub fractions [7].

In figure 1 the role of these proteins in HDL metabolism is illustrated. 
We will also briefly discuss the wide array of novel genes that were identified in 

Whole Genome Association Studies addressing loci implicated in HDL-C levels.
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MonoGEnETIC DEFECTs
Apo-AI
Apolipoprotein AI (apo-AI) is the major structural apolipoprotein of the HDL particle. 
It is present on all HDL particles and accounts for approximately 70% of its protein 
content and 30% of the HDL mass [8]. Apo-AI is the key acceptor of cholesterol, 
and as such promotes cholesterol efflux from tissues to be transported to the liver 
for excretion, a process widely known as “reverse cholesterol transport”. Moreover, 
apo-AI is a crucial cofactor for LCAT activity, resulting in maturation of the HDL 
particle. Mutations in apo-AI are a frequent cause of hypoalphalipoproteinemia (HA) 
and apparently have a great impact on cardiovascular risk [9].

Apo-AI mutations and endpoints
Major function-disrupting mutations in the apo-AI gene have been identified, including 
gene disruptions, nonsense mutations, frame shifts, missense mutations, chromosomal 
aberrations or deletions; and these are invariably associated with decreased HDL-C 
levels [10].

Figure 1 Overview of proteins in lipoprotein metabolism. The HDL mediated reverse

cholesterol transport pathway displayed with red arrows.

Figure 1. Overview of proteins in lipoprotein metabolism. The HDL mediated reverse cholesterol 
transport pathway displayed with red arrows.

128



8

Of particular interest is apo-AIMilano, which is characterized by an arginine to cysteïne 
substitution at position 173. Apo-AIMilano exerts special in-vitro anti-atherogenic and 
antithrombotic activities and possesses greater activity than normal apo-AI in promoting 
cholesterol efflux from cells [11], and protecting LDL from oxidation [12]. Carriers of 
this rare mutation exhibit hypertriglyceridemia (HTG) with reduced HDL-C and apo-AI 
levels [13]. In the Limone sul Garda Study, carotid intima media thickening (IMT) was 
measured in 21 carriers of apo-AIMilano and compared with controls and individuals with 
familial hypoalphalipoproteinemia (FHA). Carriers of apo-AIMilano and controls did not 
differ in terms of mean IMT, suggesting that low HDL-C levels due to the Apo-AIMilano 
variant are not associated with increased progression of atherosclerosis. By contrast, 
FHA individuals were characterized by significantly increased arterial wall thickness [14].

The risk of coronary artery disease (CAD) was also studied in heterozygous carriers 
of another apo-AI mutation (L178P) by comparing the IMT thickness in affected with 
non-affected family members. Heterozygous carriers of the apo-AI (L178P) mutation 
showed a 50% reduction in apo-AI levels and HDL-c levels compared to controls. IMT 
plotted against age showed that arterial wall thickness progression was significantly 
increased in carriers compared with controls, exemplifying the increased CAD risk [15]. 

A variety of other mutations, L159P, apo-AISasebo, L144R were found in patients 
with HDL deficiency, but association with CAD has never clearly been demonstrated, 
predominantly due to the small number of individuals studied in each kindred, 
presence of associated deficiencies of other apolipoproteins and abnormal circulating 
Apo-AI variants [16–18].

Apo-AI as therapeutic target
Selectively increasing apo-AI levels is thought to be one of the most preferable 
outcomes to induce potent CAD risk reduction, based on the finding that apo-AI levels 
correlates more strongly with CAD risk, compared to other HDL-related parameters 
[9]. Several therapeutic strategies aimed at increasing Apo-AI are currently under 
investigation, comprising administration of human Apo-AI with or without mutation, 
synthetic Apo-AI or mimetic peptides and Apo-AI increasing small molecules such as 
the product recently manufactured by Resverlogix [19]. 

Clinical studies showed that a single human Apo-AI infusion results in a lasting 
increase of HDL-C levels which persisted for several days [20]. In addition, HDL 
infusion resulted in an increase of fecal sterol excretion in patients with familial 
hypercholesterolemia [21,22], supporting the paradigm that HDL is a rate limiting 
step in reverse cholesterol transport.

The sequential study addressing the effect of apo-AI infusion on atherosclerosis 
was performed by Nissen and co-workers. In their placebo-controlled study, weekly 
intravenous administration of recombinant apo-AIMilano/phospholipid complexes 
(ETC-216) was shown to induce a significant regression of coronary atherosclerosis 
measured by IVUS (intravascular ultrasound) [23].
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More recently, the ERASE study reported the effect of 4 infusions of 40 mg/kg 
human Apo-AI containing synthetic HDL (sHDL) on atheroma volume was also assessed 
by IVUS. The infusions of reconstituted HDL did not result in significant reductions 
in percentage change in atheroma volume compared to saline treated patients. The 
quantitative coronary angiography results, however, did reveal an improvement in 
patients having received HDL. At a higher dose (80mg/kg of apo-AI) infusions were 
associated with a high incidence of liver function abnormalities [24]. 

Based on these promising results, a lot of efforts have been put into the construction 
of safe and effective apo-AI mimetic peptides. The human apo-AI molecule consists of 
243 amino-acids. The artificial apo-AI molecules containing short chains of amino acids 
from the apo-AI molecule have been shown to possess some of the beneficial effects 
of Apo-AI and therefore can be considered as potential alternatives for recombinant 
or purified human apo-AI. Examples of such peptides are D-4F and L37pA, which both 
were shown to exert beneficial effects on atherosclerosis progression and inflammation 
in experimental models [25]. 

The D-4F peptide increased pre-HDL formation, increases cholesterol efflux, and 
reduces lipoprotein oxidation, as enumerated in a recent review [26]. A single oral dose 
of the D-4F peptide proved to be safe and well tolerated, but has low bioavailability 
in non-fasting conditions [27].

A small molecule, RVX-208 produced by Resverlogix (resverlogix.com) holds 
great promise as a novel therapy to induce an increased HDL-C level. It facilitates 
endogenous apo-AI production and was shown to result in an 11% increase of apo-AI 
and increased HDL functionality (but the definition of functionality and the way to 
measure this phenomenon is still a matter of debate) after 7 days of administration 
[19,28]. To our knowledge has the exact mechanism underlying this result has not 
been published thus far. More studies are expected, and especially those that are set 
out to study the vascular consequences of RVX-208 are of great interest.

Besides increasing the lipoprotein fraction apo-AI, phospholipids have also been 
evaluated as potential therapeutic strategy. In a human study, 16 normolipidemic 
subjects received a derivative of soy lecithin, phosphatidylinositol, which resulted in a 
consistent increase of HDL-C as well as apo-AI levels [29]. Unfortunately, little is known 
about the exact effects and further studies to address the impact of phospholipid 
modulation on HDL metabolism and atherosclerosis are eagerly awaited.

AbCAI
The ATP-binding cassette transporter AI (ABCAI) gene encodes for the key protein 
regulating the efflux of lipids from peripheral cells (including foam cells) to apo-AI. 
These lipids are transported to the liver for excretion in a process termed reverse 
cholesterol transport [30]. Topological analysis reveals that ABCAI consists of 2 
large extracellular loops, which may form the apo-AI-binding-target where lipids 
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are exchanged. At least 73 mutations have been described in the ABCAI gene, 
including 44 missense and 18 nonsense mutations and 11 insertions and deletions. 
Homozygosity or compound heterozygosity for loss-of-function mutations in the 
ABCAI gene lead to Tangier disease (TD), characterized by undetectable low HDL-C 
levels. Heterozygous carriers of ABCAI mutations typically show half-normal HDL-C 
levels [31]. 

ABCAI Mutations and endpoints
Whether ABCAI dysfunction results in an increased risk of ischemic heart disease (IHD) 
remains a matter of debate. The majority of ABCAI mutations are associated with 
HDL-C levels approximately 50% of control [32]. Mutations associated with greater 
than 50% of control HDL-C levels, like T929I, A947V, R1680W and W590S are in 
theory not complete loss-of-function mutations, but retain some activity. A number of 
mutations are associated with less than 50% of control HDL-C, specifically M1091T, 
G1216V and truncation mutations R2144X, R282X and R909X. 

It is of note that ABCAI is not only a pivotal for HDL-C quantity, but also for quality, 
and the latter might be of greater value in terms of vascular risk attributed to ABCA1 
mutations [33,34]. 

In their study, van Dam and coworkers showed that heterozygosity for ABCAI 
mutations was associated with increased progression of arterial thickening, ascertained 
by IMT. Regression analysis of the data from this study indicated that a 50% increase 
in ABCAI-mediated cholesterol efflux would result in a 30% increase in HDL-C 
concentrations and that this could translate into a 35% to 50% reduction in the risk of 
CAD [35].

ABCAI as therapeutic target
The most promising mechanism to raise ABCAI is via liver X receptor (LXR) agonists. 
The expression of ABCAI and ABCG1 in macrophages is regulated predominantly 
by the nuclear receptors LXRα and LXRβ [36]. LXRs are activated endogenously by 
oxysterols, which are generated enzymatically from cholesterol [37]. Both oxysterols 
as well as synthetic LXR agonists upregulate ABCAI and ABCG1 transcription in 
macrophages, thus leading to an increased cholesterol efflux. In animal studies, 
LXR agonists promote RCT and reduce atherosclerosis, which might partially be 
attributed to the effect on inflammatory signaling in macrophages [38]. However, 
the majority of the LXR agonists have been shown to cause hepatic steatosis and 
hypertriglyceridemia. Tissue specific upregulation of LXR modulators are therefore 
warranted [39]. 

The role of FXR in the lipid metabolism is complicated, as FXR-activation 
downregulates expression of Apo-AI and LIPG (see below) and upregulates expression 
of PLTP (see below) [39].
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CETP
Cholesteryl ester transport protein (CETP) plays a role in HDL-C metabolism by 
transporting cholesteryl esters (CE) from HDL particles to apolipoprotein B-containing 
particles, in exchange for triglycerides [40]. CETP is a hydrophobic glycoprotein 
secreted primarily from the liver and adipose tissue and it circulates mainly bound to 
HDL. As a regulator of cholesterol flux through the RCT system, CETP can be regarded 
as both proatherogenic as well as an antiatherogenic moiety. By shifting CE from HDL 
to LDL and VLDL, CETP induces a reduction of RCT via the HDL route. Additional 
proatherogenic effects of CETP activity may include a reduction in overall HDL levels, 
potentially reducing cellular cholesterol efflux from the arterial wall, and an increase 
in atherogenic LDL levels. However, the potentially proatherogenic activities of CETP 
may, to a large extent, be neutralized by an increase in indirect RCT via the LDL/ 
hepatic LDL receptor route. Clearly, whether the net effect of CETP activity is pro- 
or antiatherogenic is currently being addressed in ongoing phase III studies using 
CETP inhibitors without direct toxic effects as was unambiguously demonstrated for 
Torcetrapib [41].

CETP mutations and endpoints
In 1985, Koizumi and coworkers described a family suffering from CETP deficiency, 
resulting in elevated HDL levels and decreased CHD [42]. Ever since, many efforts 
have been undertaken to create CETP inhibitors.

A homozygous mutation in Japanese individuals with FHA G+1A/In14, results in 
immeasurable CETP activity and these individuals exhibit markedly raised HDL-C levels 
[43]. A more common mutation in CETP, D422G, leaves little CETP activity, resulting 
in less pronounced increased HDL-C levels [44]. Apart from its effect on HDL-C level, 
CETP also has been found to alter the functionality of the HDL particle [45]. It goes 
without saying that this phenomenon influences the effect of CETP modulation on 
CHD risk. While addressing the role of CETP deficiency on CAD risk, controversial 
findings have been described. In the Honolulu Heart Study it was shown that humans 
of Japanese descent, who were heterozygous for the D442G CETP gene mutation, 
had a 50% increased risk of CHD compared with men who had similar HDL levels, but 
no CETP gene mutations [46]. However, a prospective analysis of 7-year data from 
the Honolulu Heart Study showed a trend towards a lower incidence of cardiovascular 
events in subjects with heterozygous CETP gene mutations compared with those 
without a mutation [47]. In line with the protective role of low CETP activity due to 
mutations was the finding described by Moriyama and coworkers, that Japanese 
individuals with either the G+1A/In14 or the D442G mutation showed a very low CHD 
risk, with no significant difference between these carrier groups [48].

Another way to address the role of CETP in a given population is to study the 
consequences of single nucleotide polymorphisms (SNPs). In a recent study, carriers of 
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the Taq1B (located in intron 1 of the CETP gene) were shown to be have raised HDL-C 
levels and decreased CAD risk [49]. The later published REGRESS study concluded 
that high levels of HDL cholesterol do not necessarily protect against coronary artery 
disease when found in subjects with combined CETP- and HL-lowering gene variants, 
of which Taq1B was of major influence [50]. 

Another well studied SNP is the I405V CETP SNP. In a study of Hawaiian men 
of Japanese ancestry, plasma CETP concentrations were reduced and HDL-C levels 
increased in those who were homozygous for the I405V allele compared with those 
who were heterozygous or homozygous for the I405V allele. In this study, men who 
were homozygous for the I405V allele and who had high triglyceride levels had a 
higher prevalence of CHD [51]. 

In spite of controversial findings in individual SNP studies, a recent meta-analysis 
unambiguously demonstrated that 3 Common CETP gene variants (TaqIB, I405V, 
and −629C>A) were consistently associated with a decreased CETP concentrations, 
modestly increased HDL-C and apo-AI levels and weakly decreased triglycerides and 
coronary risk. Data were insufficient for informative per-allele estimates in relation to 
3 uncommon CETP (D442G, −631C>A, and R451Q). However, they were associated 
with mean differences in HDL-C of 13.4% , −0.7% and −8.8%, respectively, compared 
with controls [52].

CETP as therapeutic target
Following these beneficial findings, several CETP inhibitors were developed, 
comprising Torcetrapib, JTT-705 (Dalcetrapib) and Anacetrapib. Clinical studies with 
Torcetrapib showed significant increases in HDL-C [53]. Unfortunately, the development 
of Torcetrapib was discontinued abruptly, as a result of a series of the unexpected 
findings in ILLUMINATE. Also, surrogate marker studies with Torcetrapib such as 
ILLUSTRATE, RADIANCE-1 and RADIANCE-2 produced disappointing results. These 
studies invariably revealed lack of improvement in the surrogate cardiovascular marker 
(IVUS, IMT) in line with an excess of deaths in those subjects receiving Torcetrapib. This 
could in part be attributed to a Torcetrapib induced increase in mean systolic blood 
pressure (SBP) of 4.5 mmHg [54]. In vitro studies and animal models resolved that 
the Torcetrapib mediated raise in blood pressure is caused by raised aldosterone and 
corticoid production. This increased corticoid release is directly caused by Torcetrapib-
induced intracellular calcium increase, and is independent of the inhibitory effect on 
CETP of Torcetrapib [55]. The blood pressure effect was not diminished in the presence 
of adrenoceptor, angiotensin II or endothelin receptor antagonists, and Torcetrapib has 
no contractile effect on vascular smooth muscle [56]. Dalcetrapib efficacy and safety 
has been tested, where highest tested dose of 900 mg showed 37% decrease of CETP 
activity from baseline, an increase of HDL-C levels by 34% and 7% LDL-C decrease 
compared to baseline levels [57]. For this compound, no increase in blood pressure 
and/or hormonal parameters have been reported to date [58]. 

133



8

Anacetrapib, a new CETP inhibitor, is claimed to be even more potent than 
Dalcetrapib and Torcetrapib. In a recent phase 3 study, Anacetrapib was generally 
well tolerated, with no discernable effect on SBP [59]. 

In conclusion, the activity of CETP is known to relate to HDL-C levels. However, the 
precise role of CETP in atherogenesis and CHD risk in humans is not well understood, 
but is likely to be dependent on a combination of metabolic, genetic, and environmental 
factors. Data from CETP-deficient subjects have suggested that therapeutic inhibition 
of CETP may be advantageous in raising HDL-C levels and that this may lead to 
reductions in CVD risk. Yet, the final answer awaits the outcome of ongoing phase III 
trials with CETP inhibitors that have not been shown to influence blood pressure.

LIPG
Endothelial lipase (EL) is a member of the triglyceride lipase family of proteins that also 
includes lipoprotein lipase (LPL) and hepatic lipase (HL). EL’s nomenclature was based 
on its presence on the surface of endothelial cells, which distinguishes EL from HL and 
LPL. EL is characterized by its conserved catalytic triad with heparin and triglyceride 
binding sites and cysteïne residues [60]. Whereas EL hydrolyzes HDL most efficiently 
of all the lipoprotein fractions, it primarily hydrolyses phospholipids. As the different 
subfractions of HDL have pro- and anti-inflammatory effects, EL has been shown to 
play a role in modulating lipoprotein metabolism in proinflammatory states, such as 
atherosclerosis [61]. From animal models it has been established that expression of 
LIPG, the gene coding for EL, profoundly affects HDL-C levels; inhibition or deletion 
of EL in mice increases HDL-C levels [62]. 

LIPG mutations and endpoints
At least 11 genetic variations have been studied in humans. The most frequently 
studied mutation in the population is Thr111Le. Various studies of the effects of the 
Thr111Le mutation describe increased HDL levels, whereas this association could 
not be corroborated by others [63]. Edmondson concluded in a group of 3,845 
participants, that Thr111Le is not associated with HDL-C levels, and that this variant 
does not result in an altered lipolytic activity [64].

A second, less common mutation in LIPG is Asn396Ser, which was found to be 
significantly associated with increased HDL-C. Quantification of the consequences of 
the Asn396Ser mutation on CVD-risk was performed in the Framingham Heart Study 
using IMT measurement. These analyses showed no significant difference, emphasizing 
a small role of EL in atherosclerosis in humans. However, this study was underpowered. 

EL as therapeutic target
To the best of our knowledge, pharmacological agents directly influencing EL are 
currently not available. 
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PLTP
Phospholipid transfer protein is a non-specific lipid transfer protein which plays 
an important role in HDL metabolism. Its regulatory role is achieved via the main 
functions, transfer and exchange of phospholipids between lipoproteins, and 
remodeling of the HDL particle. This process is controlled by at least three different 
factors: the HDL apolipoprotein/protein composition, the core lipid composition of 
HDL and the phospholipid transfer activity of PLTP [7]. In contrast to CETP, release of 
lipid-poor Apo-AI was detected during HDL conversion or remodeling by PLTP [65]. 
PLTP is circulating in a catalytically active and non-active form; activity measurement is 
therefore more relevant than mass measurement. 

The role of PLTP in human atherosclerosis remains controversial, illustrated by 
different studies that suggested that low PLTP activity leads to HDL-C increase, while 
high PLTP activity leads to decrease of HDL-C [7]. While a recent study shows that low 
PLTP activity is a marker for atherosclerosis [66], several studies show that high PLTP 
activity is related to increased risk of atherosclerosis [67–69]. One of these studies 
showed that high plasma PLTP activity is related to fatal and nonfatal cardiovascular 
events in CAD patients, independent of other markers such as Hs-CRP or HDL-C [68].

PLTP mutations and endpoints
Few mutations or variants are studied in literature. A recent studied variant of the PLTP 
gene (rs2294213) is associated with an increased level of HDL-C in healthy subjects 
and PLTP has therefore been suggested to be a potential target for pharmacological 
intervention [70]. 

Another study found 2 heterozygous nonsynonymous variants in a selected group 
of patients with low HDL-C levels; S107Y and R459Q. The results suggest that the 
S107Y mutant has normal PLTP function, but the R459Q mutant has a significant 
reduction in PLTP activity, which could contribute to an impaired HDL metabolism [71].

PLTP as therapeutic target
An attempt to target the PLTP promoter was not successful. The PLTP promoter contains 
recognition motifs for the peroxisome proliferator-activated receptor (PPAR), which is 
suggested to mediate the down regulation of PLTP expression in a fibrate treated cell 
culture model, but in vivo results did not result in a change in PLTP activity [72,73].

Currently, no specific PLTP targeted treatment is available. 

LCAT
Lecithin cholesterol acyltransferase (LCAT) is a plasma enzyme which catalyses 
the transfer of a preferentially unesterified fatty acid from the sn-2 position of 
phosphatidylcholine to the 3β-hydroxy group of cholesterol, and thereby produces 
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lysophosphatidylcholine and a cholesteryl ester. LCAT preferentially acts on lipids 
transported by HDL but also on ApoB containing particles. LCAT is a glycoprotein 
synthesized by the liver and secreted into the circulation. Classical LCAT deficiency 
is caused by a broad spectrum of missense and nonsense mutations which lead to 
an altered synthesis or secretion of the protein, or affect its catalytic activity [74]. 
This will cause defective maturation of small HDL into larger, spherical, cholesteryl 
ester-enriched HDL and hence lower HDL-C levels. This effect is not counteracted by 
upregulation of the unaffected LCAT allele in heterozygotes or by other key players in 
the HDL metabolism [9].

LCAT mutations and endpoints
Mutations in the human LCAT gene underlie two clinical phenotypes, familial LCAT 
deficiency (FLD) and Fish-eye disease (FED). Both diseases are inherited in an autosomal 
recessive manner and are characterized by the occurrence of corneal opacification as 
clinical hallmarks. Both patients with FLD and FED present with low levels of HDL-C. 
In FLD, LCAT is completely inactive, whereas in FED loss of activity is restricted to 
HDL-cholesterol only and it retains its activity toward LDL-cholesterol. Heterozygous 
carriers of LCAT mutations do not suffer from corneal clouding. The majority of these 
carriers present with low HDL-C levels [75].

Studies evaluating the relation between CAD risk and LCAT mutations have provided 
conflicting results. In 2005 the first surrogate endpoint study in LCAT mutation carriers 
was reported. The 47 individuals with low HDL-C, elevated triglycerides and Hs-CRP 
in plasma on average showed significantly increased IMT. These results suggest that 
normal LCAT function is a principal factor in the protection against atherosclerotic 
vascular disease [9].

Polymorphisms in the LCAT gene have also been associated with 
hypoalphalipoproteinemia, but its effect on CAD risk has not been fully elucidated [76].

LCAT as therapeutic target
The most direct LCAT-targeted therapy is injection of recombinant enzyme or of 
encapsulated LCAT-secreting cells into subjects with familial and acquired LCAT 
deficiency (Low JK, Thesis 2010, University College London, unpublished). These 
injections in the peritoneal cavity of a LCAT knocked-out mouse showed favorable 
effects, but a success of LCAT increasing strategies in humans has not been reported. 
For developing recombinant human LCAT and testing its effect in animal models, 
Alphacore Pharma received a NIH-grant [77]. In search of other potential strategies, a 
recent study from Amar and coworkers in monkeys showed successful over expression 
of human LCAT using an adenovirus. The increased LCAT level led to raised HDL-C 
levels, which supports their conclusion that LCAT remains a potential drug target for 
reducing atherosclerosis [78]. 
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Polygenic defects
Ever since the different human genome projects have provided a wealth of information 
on the human genetic code, many genome-wide association studies (GWAS) have 
been performed. In lipoprotein metabolism, these DNA sequence variants represent an 
index of lifelong exposure to altered lipoprotein levels, whereas plasma measurements 
can vary considerably [79]. In this context, the presence of a genetic variant may add 
predictive value of this genotype to the risk of CVD. The potential of such genetic 
testing is limited by the fact that each sequence variant that has been discovered to 
date, explains only a modest fraction of the variance in lipid levels [80].

The power of the GWAS analyses improved when genotype scoring was introduced. 
In each subject, unfavorable alleles carried by that subject for each SNP is numbered. 
Subjects with specific genotype scores are collapsed into one group. In this way, a 
significant improvement in risk classification could be established, compared with 
models that did not use genotype scoring. Unfortunately, genotype scoring does 
not improve the accuracy of the clinical risk prediction, but does improve the clinical 
reclassification for individual subjects, independent of the other covariates [80].

Using GWAS and large-scale replication, 30 loci have been mapped that contribute 
to variation in lipoprotein concentrations in humans [81]. These loci consist of genes 
shown to affect lipoprotein metabolism in humans. Each variant conferred a modest 
effect on HDL-level, and all identified variants together accounted for only about 
5–9% of the variation in the HDL-level [81,82]. 

Kathiresan and co-authors showed that a panel of SNP’s was associated with increased 
cardiovascular risk in a multivariable analysis. The genotype score was constructed for 
each subject by counting the number of unfavorable alleles, the potential for each 
subject ranged from 0 to 18. As compared with subjects with a genotype score of 11 or 
more had an increased risk of cardiovascular events by a factor of 1.63 (P=0.001) [80].

The suggested next step in GWAS is that specific regions of the genome have to 
be fully sequenced, so that lipid genotypes with allelic dosage score may allow for 
early identification and treatment for at-risk individuals to prevent atherosclerosis [81]. 

suMMARy
HDL-C levels are mainly determined by a combination of genetics and environmental 
exposure. Monogenetic defects resulting in either extremely low or high HDL-c levels 
are instrumental in studying the result of life-long exposure to altered protein levels. 
By thorough assessment of the CAD risk attributed to this exposure, one could identify 
targets for therapy that would hypothetically not only result in increased HDL-C levels, 
but, more importantly, also a decrease in atherosclerosis. 

Based on this knowledge, several novel compounds have reached different levels 
of clinical applicability. Unfortunately, HDL-C increasing therapy has suffered from a 
major set back by the devastating results obtained in the studies of CETP inhibition.
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Novel therapies are in the pipeline and the studies will provide further insight in 
the intriguing and continuous debate about the potential outcome of HDL increasing 
therapy.
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