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Abstract There is unequivocal evidence of an inverse as-
sociation between plasma high-density lipoprotein (HDL)
cholesterol concentrations and the risk of cardiovascular
disease, a finding that has led to the hypothesis that HDL
protects from atherosclerosis. This review details the exper-
imental evidence for this “HDL hypothesis”. In vitro studies
suggest that HDL has a wide range of anti-atherogenic prop-
erties but validation of these functions in humans is absent
to date. A significant number of animal studies and clinical
trials support an atheroprotective role for HDL; however,
most of these findings were obtained in the context of
marked changes in other plasma lipids. Finally, genetic stud-
ies in humans have not provided convincing evidence that
HDL genes modulate cardiovascular risk.ll Thus, despite a
wealth of information on this intriguing lipoprotein, future
research remains essential to prove the HDL hypothesis
correct.—Vergeer, M., A. G. Holleboom, J. J. P. Kastelein,
and J. A. Kuivenhoven. The HDL hypothesis: does high-
density lipoprotein protect from atherosclerosis? J. Lipid
Res. 2010. 51: 2058-2073.
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In 1951, Barr et al. (1) reported that plasma levels of
high-density lipoprotein cholesterol (HDL-C) were re-
duced in patients with coronary artery disease. In 1977,
Gordon et al. (2) subsequently showed that low HDL-C is
a risk factor for coronary heart disease in the Framingham
study. These important findings have given rise to a large
number of diverse HDL studies over the last few decades.
The numerous different and apparently unrelated benefi-
cial effects that have since been ascribed to HDL appeal to
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the imagination. Because of a general consensus that HDL
protects against atherosclerosis, what we shall term the
HDL hypothesis, strategies have been developed to raise
plasma HDL levels or to improve HDL function. However,
it is increasingly questioned whether such interventions
will indeed reduce the risk of atherosclerosis. This review
summarizes the reported evidence that supports the HDL
hypothesis.

EPIDEMIOLOGY

A low plasma HDL-C concentration is among the stron-
gest, statistically independent risk factors for cardiovascu-
lar disease (CVD) (2). In a widely cited meta-analysis of
four large studies (total number of individuals studied:
15,252), a 1 mg/dl increase of HDL-C levels was reported
to be associated with a 2-3% decreased CVD risk (3). This
result provides an epidemiological argument in favor of
therapeutically raising HDL-C levels. One may draw paral-
lels with the detrimental consequences of elevated low-
density lipoprotein cholesterol (LDL-C) levels and blood
pressure, which have been successfully controlled through
therapy, resulting in significant reductions of cardiovascu-
lar mortality and morbidity (4, 5). It should be noted, how-
ever, that the associations between elevated LDL-C and
blood pressure and increased CVD risk reflect causal rela-
tionships, whereas such a relation between low HDL-C lev-
els and increased CVD is not undisputed (6, 7). This is
related to the fact that HDL-C levels are influenced by
many different variables that also affect CVD risk: 1) Men
have on average lower HDL-C levels than women (8). 2)
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Smokers have 14% lower HDL-C levels than nonsmokers,
and this relationship appears to be dose-dependent, (9)
whereas individuals who quit smoking show a subsequent
increase in HDL-C levels (10). Even in individuals who
acutely smoke two cigarettes, HDL-C levels drop 6 mg/dl
(11). 3) Arecent meta-analysis of 25 studies (total number
of individuals studied: 2,027) shows that programs of regu-
lar aerobic exercise increased HDL-C levels by 2.5 mg/dl
on average (12). 4) Obesity, especially abdominal obesity,
is also associated with lower HDL-C levels (13), whereas
weight loss results in an elevation of HDL-C levels (14). 5)
Patients with type 2 diabetes mellitus display several lipid
abnormalities of which a low HDL-C level is a prominent
feature (15). 6) Metabolic syndrome, a cluster of pathol-
ogies comprising abdominal obesity, hypertension, im-
paired glucose tolerance, high triglycerides, and low
HDL-C levels, is regarded by investigators as a single dis-
ease entity resulting from insulin resistance (16). 7) In
parallel, (postprandial) hypertriglyceridemia results in
low HDL-C levels, associated with an increased cholesteryl
ester transfer protein (CETP) driven exchange of choles-
teryl esters and triglycerides between pro-atherogenic apo-
lipoprotein (apo)B-containing lipoproteins (VLDL and
LDL) and HDL (17). In fact, over 50% of the patients with
low HDL-C levels also present with increased fasting tri-
glycerides. (18) With this in mind, HDL-C levels may be
seen as a stable reflection of disturbances in triglyceride
metabolism, whereas plasma triglyceride levels themselves
are subject to large inter-individual and intra-individual
variability. §) Systemic inflammation (as observed in rheu-
matoid arthritis and systemic lupus erythematosus), a rec-
ognized risk factor for CVD (19), is associated with a
secondary dyslipidemia characterized by low HDL-C levels
(20). 9) Finally, a low socioeconomic status is an indepen-
dent predictor of low HDL-C (21). Interestingly, even in
baboons, socially subordinate males show 31% lower HDL-C
levels than dominant males, possibly related to chronic so-
cial stress (22).

Thus, many different factors affect both CVD risk as
well as HDL-C levels. A recent very large meta-analysis
comprising 302,430 individuals has once again made
clear that HDL-C is a strong predictor of cardiovascular
events, even after statistical adjustment for these variables
(23). Such adjustments, however, do not guarantee the
absence of residual confounding (24), and one may ask
what the meaning of statistical outcomes is when the ad-
justments concern parameters that are intrinsically re-
lated to HDL metabolism. In addition to plain HDL-C
measurements, many investigators have focused on HDL-
related parameters, such as levels of apoA-I (HDL’s most
important structural protein), or HDL subclasses (as as-
sessed by, e.g., nuclear magnetic resonance or 1- and
2-dimensional gel electrophoresis), and have shown that
some of these parameters are superior to HDL-C in car-
diovascular-risk assessment. (25) Although these studies
are of interest, these epidemiological relationships are
subject to the same confounding variables as those con-
cerning HDL-C itself and are therefore not fit to prove
that HDL is responsible for atheroprotection.

In conclusion, the epidemiological association between
HDL and CVD is strong and is largely responsible for the
formulation of the HDL hypothesis, but in itself does not
prove a causal relationship.

HDL FUNCTION

In line with the HDL hypothesis, HDL has been re-
ported to exhibit many anti-atherogenic properties [for an
extensive review, see (26)] that are addressed in this
section.

Reverse cholesterol transport

In 1982, Fielding and Fielding (27) demonstrated that
HDL can act as an acceptor of cellular cholesterol, which
is proposed to constitute the first step in a hypothetical
pathway that is known as reverse cholesterol transport
(RCT). In its broadest sense, RCT is defined as the uptake
of cholesterol from peripheral cells by lipid-poor apoA-I
and HDL that is mediated by lipid transporter molecules
such as ATP-binding cassette transporter Al and Gl
(ABCAI and ABCGI) and scavenger receptor B-I (SR-BI),
and the subsequent delivery to the liver for ultimate excre-
tion into the feces as neutral sterols or bile acids. HDL can
deliver cholesterol to the liver through hepatic SR-BI, or,
alternatively, CETP shuttles cholesterol from HDL to (V)
LDL, which can be taken up via the LDL receptor (LDLr)
pathway. The overall RCT hypothesis, especially with re-
spect to the relationship between plasma HDL cholesterol
and fecal cholesterol excretion, has been challenged by
findings in both mice and humans.

For mice, it has been reported that (total body) ABCAl
deficiency, causing near complete HDL deficiency, does
not affect hepatobiliary flux of cholesterol (28). Similarly,
modulation of apoA-I, lecithin-cholesterol acyl transferase
(LCAT; an enzyme critically involved in HDL maturation),
and SR-BI, resulting in large changes in plasma HDL-C
concentrations, had no effect on sterol excretion (29). In
addition, the infusion of apoA-I-phospholipid complexes
in apoA-I knockout mice did not increase fecal sterol ex-
cretion (29). Thus, marked manipulation of HDL metabo-
lism in mice apparently does not result in changes in net
fecal cholesterol excretion. Another method to study
whole body RCT in mice has been developed by deGoma
etal. (30). In short, macrophages loaded with radiolabeled
cholesterol are injected into the peritoneal cavity of mice,
after which the distribution of this cholesterol in plasma,
liver, and feces is quantified. These studies have provided
insight into which factors control the RCT pathway in mice
but have not provided data on net fecal cholesterol output.

In humans, the data on HDL dependent fecal choles-
terol output are equivocal. Both a negative as well as the
absence of a relationship between plasma HDL-C concen-
trations and fecal sterol excretion have been reported
(31-33) and a recent study in seven individuals with geneti-
cally determined low HDL-C indicated reduced fecal choles-
terol output (34). Intervention studies that increase plasma
HDL-C levels also provided mixed results: the infusion of
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pro-apoA-I or reconstituted HDL (rHDL; apoA-I purified
from human blood, reconstituted with phospholipids) was
reported to result in an increase of sterol excretion (35,
36), but CETP inhibition (which blocks the exchange of
cholesterol from HDL to LDL, resulting in a marked HDL-
C increase as well as an LDL-C decrease) had no effect
(87). Thus, human studies have only provided little evi-
dence that HDL-C levels correlate with fecal cholesterol
output. In fact, according to cholesterol flux modeling
studies by Schwartz et al. (38), the role of HDL in total
body cholesterol homeostasis is suggested to be minimal.
Studying cholesterol exchange processes from another
angle, Turner and Hellerstein (39) have recently developed
a technique that estimates tissue cholesterol efflux by means
of the steady-state isotope dilution principle. Although its
value remains to be determined, a potential strength of
this technique is that it may be applied in both case-con-
trol settings as well as to assess the impact of novel drugs.

HDL may have its most relevant role regarding vascular
protection in the initial steps of the RCT pathway. Mac-
rophages in the vessel wall take up (oxidized) LDL, turn
into foam cells, and add to a pro-inflammatory environ-
ment that promotes atherosclerotic plaque formation and
ultimately plaque instability. In this context, apoA-I and
HDIL-mediated cholesterol efflux from lipid-laden mac-
rophages is a conceptually attractive atheroprotective
mechanism. Accordingly, the cholesterol acceptor capac-
ity of (apoB depleted) serum, or isolated HDL has been
studied as a biomarker for studies that test HDL-modulat-
ing therapies (30). Some of these studies showed promis-
ing data. For example, HDL isolated from patients after
treatment with the CETP inhibitor torcetrapib was shown
to be able to elicit more cholesterol efflux from cultured
cholesterol-loaded cells than HDL taken from patients at
baseline (40). However, the only study in humans to re-
port on the predictive value of serum cholesterol acceptor
capacity for CVD showed that those patients with a recur-
rent cardiovascular event were, paradoxically, character-
ized by a high serum cholesterol acceptor capacity (41).
The authors speculated that a high serum acceptor capac-
ity reflects an abundance of small lipid-poor HDL parti-
cles, as a consequence of an inherent inability of these
patients to saturate their serum HDL with cholesterol (41).
Although this may or may not be the correct interpreta-
tion, this finding clearly illustrates the difficulties that arise
in the translation of in vitro findings to the in vivo situation.

Another method to study cholesterol efflux is to assess
the efflux capacity of donor cells. It is known that cellular
cholesterol homeostasis is controlled by ABCAl (42),
ABCGI1 (43), and SR-BI (44-47), although a large percent-
age of cholesterol efflux remains unexplained (48).

To date, only two studies addressed the relationship be-
tween cellular cholesterol donor capacity and atheroscle-
rosis progression in humans. The first study showed a
significant association between cholesterol efflux from hu-
man skin fibroblasts and increased carotid intima media
thickness (cIMT; a surrogate endpoint for cardiovascular
endpoints) in nine individuals (49). The second study, of
142 subjects undergoing coronary angiography, showed
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that cholesterol efflux from cultured primary macrophages
to HDL and apoA-I was not different between subjects with
and without significant stenosis. After adjustment for age
and sex (the group with stenosis was on average 6 years
older and consisted of significantly more men), choles-
terol efflux to HDL became significantly lower in the
stenosis group (50).

Altogether, there is no evidence for a role of HDL in the
net removal of cholesterol from the body (or vascular wall)
and subsequent excretion into feces in mice, whereas evi-
dence in humans is very scarce. To date, there are no as-
says to measure cholesterol efflux that have proven value
in predicting cardiovascular events in humans. This re-
flects the inherent difficulty of finding a measure for the
complex dynamics of cellular cholesterol exchange in ath-
erosclerotic lesions.

Other potentially atheroprotective properties

In in vitro experiments, HDL has been shown to inhibit
the expression of endothelial adhesion molecules (51)
and to inhibit LDL-induced monocyte transmigration
(52). By blocking lipopolysaccharide activity and decreas-
ing CDI11b/CD18 upregulation, rHDL has also been
shown to decrease lipopolysaccharide-induced adhesion
of leukocytes to human endothelial cells (53). In addition,
the anti-oxidative activity of HDL is typically characterized
by its ability to inhibit LDL oxidation (54) but it has also
been shown to inhibit the formation of reactive oxygen
species (b5, 56). In rabbits, the infusion of rHDL or low
dose apoA-I can, moreover, prevent or even reverse an in-
flammatory response when provoked by placement of a
nonocclusive silastic collar around a carotid artery (57,
58). Several years ago, two assays assessing the anti-oxida-
tive and anti-inflammatory capacity of HDL were reported
to distinguish between CVD patients and healthy controls
with similar HDL-C levels (59, 60). These results held
promise with regard to the need of valuable biomarkers to
study HDL modulating therapies. Unfortunately, these
findings have as of yet not been reproduced.

Apoptotic cell death following injury of vascular en-
dothelium is assumed to play an important role in the
pathogenesis of atherosclerosis (61). HDL has been shown
to protect endothelial cells from apoptosis induced by
mildly oxidized LDL (62). Similarly, preincubation of hu-
man umbilical venous endothelial cells with HDL can pre-
vent apoptosis induced by tumor necrosis factor-a (63).
HDL also potently protects endothelial cells against growth
factor deprivation-induced apoptosis via suppression of
the mitochondrial apoptotic pathway (64). Both apoA-I
(62) and sphingosine-1-phosphate (65, 66), a lipid compo-
nent of HDL, have been proposed to contribute signifi-
cantly to HDIL-mediated cytoprotection.

HDL can affect platelet function through the promo-
tion of nitric oxide production (67) and coagulation by
the inhibition of several coagulation factors, such as tissue
factor, factor Va, VIlla, and Xa (68). Purified HDL, but
not LDL, significantly enhanced inactivation of factor Va
by activated protein C (APC) and protein S (69). HDL has
also been shown to scavenge anionic phospholipids,



thereby abolishing their pro-coagulant properties (70).
Whether these anti-thrombotic effects apply to humans is
unknown. There are reports of an epidemiological rela-
tionship between HDL-C and thrombosis risk (71), but
this relationship is subject to confounding by important
health parameters [e.g., obesity (72) or the metabolic syn-
drome (73)] along the lines discussed above.

One study, in 2001, has shown that HDL can induce va-
sodilation by stimulating the release of nitric oxide by en-
dothelial cells in mice (74). In line with this, infusion of
rHDL into hypercholesterolemic type 2 diabetic patients
and subjects with low HDL-C was reported to partially re-
store endothelium-dependent vasodilation (75-77). These
studies point toward a direct role for HDL in atheropro-
tection taken that endothelial dysfunction precedes ath-
erosclerosis. To date, however, there are no assays that can
be used to assess this type of HDL functionality ex vivo in
a clinical setting.

In conclusion, there is considerable evidence for a di-
rect protective role of HDL in inflammatory, oxidative,
apoptotic, and thrombotic processes but these studies
are primarily performed in in vitro settings. With respect
to protection from endothelial dysfunction, some evi-
dence suggests that in vitro findings may apply to in vivo
situations as well but studies are small. In each case, a di-
rect link between ex vivo measurements (biomarkers)
and cardiovascular risk is yet to be established. Because
such evidence could strengthen the concept that HDL
is an actor rather than a bystander in atherogenesis, an
important challenge for the coming years will be the
translation of HDL function assays from bench to bed-
side. These assays are particularly needed in view of the
ongoing testing of novel HDL drugs in clinical trials
where early indications of success or failure are absolutely
vital.

ANIMAL MODELS

Many animal models have been developed that mimic
human atherosclerosis (78). This section focuses on evi-
dence that HDL provides direct atheroprotection in ani-
mal models in which key HDL modulators were studied
through overexpression, knockout, and cross-breeding
experiments.

Strengths and limitations of animal studies

The most studied animal, the mouse, almost exclusively
uses HDL to transport cholesterol in the circulation,
whereas in humans most cholesterol is carried by LDL.
This major difference is closely related to the natural
absence and presence of CETP in mice and humans,
respectively. Because mice are not normally prone to ath-
erosclerosis, this urges investigators to use genetic and di-
etary manipulation to induce this phenotype. Another
point that deserves attention, especially when interpreting
earlier mouse studies (1990-2000), is the use of a mixed
genetic background, which in view of strong differences in
atherosclerosis susceptibility among congenic lines makes

correct interpretation difficult (79). The wide-spread use
of cholate-containing atherogenic diets, especially in that
period, causing liver toxicity and gall stone formation, fur-
ther complicates matters (80). Furthermore, most data
have been generated in supraphysiological settings using
high copy-number transgenics and adenovirus to mediate
strong hepatic expression. Taken together, it is not sur-
prising that many mouse studies have provided equivocal
data and interpretations with regard to effects of HDL-
related factors on atherosclerosis. In more recent years,
more dedicated mouse models have been developed that
closely mimic human atherosclerosis, e.g., the CETPtgx-
LDLrKO (81) and CETPtgxapoE3Leiden (82) mouse. In
addition, the use of (conditional) tissue-specific knockout
models rather than whole body knockout models, the use
of endogenous promoters, and knock-in models have pro-
vided better tools to study lipid biology and the natural
course of atherogenesis. Finally, bone marrow transplanta-
tion represents another promising tool to study vascular
macrophages.

ApoA-I

ApoA-I is the most important structural protein of HDL.
Consequently, apoA-I knockout mice have abnormal
(apoE-enriched) HDL and 75% lower HDL-C levels. How-
ever, on an atherogenic diet these mice do not exhibit
increased atherosclerosis (83). Knocking out apoA-I in
human (h)ApoB transgenic mice did result in increased
atherosclerosis, but only in female mice after feeding a
Western-type diet for 6 months and in the context of pro-
found hypertriglyceridemia (84). Similarly, knocking out
apoA-l in LDLr /~ mice increased atherosclerosis, but
these mice also displayed a robust increase of VLDL cho-
lesterol and abnormal and potentially pro-atherogenic
apoA-I negative HDL, with a density overlapping that of
LDL (85). In another study, a lack of apoA-I was studied in
LDLr /" /apobec™’~ (LA) mice (86), which express full-
length apoB100 and have 3-fold higher plasma levels of
apoB100 than LDLr /™ mice (87). In this case, there was a
gene-dose-dependent increase in atherosclerosis with each
missing apoA-I allele in both male and female mice. Inter-
estingly, the lipid profiles of these mice barely differed
with respect to LDL and VLDL cholesterol, suggesting that
the apoA-I HDL fraction was indeed responsible for the
observed differences in atherosclerosis formation. To-
gether, these data suggest more atherosclerosis as a result
of a lack of apoA-I. Also, the data may imply a direct pro-
tective role for apoA-I as some observations were made in
the absence of concurrent deleterious changes in other
(apo)lipoprotein fractions.

Extending these findings, overexpression of hApoA-I in
mice has provided very uniform results. Expression of
hApoA-I inhibited preatherosclerotic fatty streak lesion
formation in C57Bl/6 mice on an atherogenic diet and
increased HDL-C levels in the absence of significant
changes in nonHDL-C (88). In addition, the expression of
hApoA-Tin apoE deficient mice and in hApo (a)-transgenic
mice yielded similar results (89-91). A reduction of ath-
erosclerosis has been reproduced in various apoA-I gene
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transfer protocols in different animal models (92-95).
Finally, weekly infusions of purified rabbit apoA-I (96) and
transgenic overexpression of hApoA-I (97) in cholesterol-
fed rabbits also reduced progression of atherosclerosis.

Taken together, the currently published animal data
provide good evidence in favor of a direct atheroprotec-
tive effect of apoA-I.

ABCAI and ABCG1

ATP-binding cassette (ABC) transporter Al is instru-
mental for the de novo synthesis of HDL in the liver and
small intestine by mediating the efflux of phospholipids
and cholesterol to apoA-I that is produced in these organs
(98). ABCGI constitutes another important player in HDL
metabolism with a special role in the delivery of choles-
terol to larger HDL.

Total body knockout studies have provided the follow-
ing data on these transporters: ABCAI ~/~ mice have virtu-
ally no HDL but show no increased atherosclerosis, not
even when fed an atherogenic diet on an LDLr /~ or on
an apoE7/7 background (99). ABCG1 /" mice specifically
accumulate cholesterol esters in lung macrophages, but
show unaltered plasma lipid levels and atherosclerosis de-
velopment on a Western-type diet (100). Interestingly,
knocking out both genes in the same mouse again induced
marked HDL-C reductions but did not increase lipid ac-
cumulation in the vascular wall (after one year) (101).
Thus, a complete loss of ABCA1, ABCGI, or both does not
result in increased atherosclerosis in mice.

Five studies have addressed whether increasing ABCA1
or ABCGI function affects atherosclerosis. Transgenic
ABCAL overexpression in the liver of LDLr /™ mice was
shown to result in high apoB levels and a 10-fold acceler-
ated atherosclerosis development (102) whereas it was
associated with minimal changes in the lipid profile and
a 2- to 3-fold increase of atherosclerosis in apoE_/_ mice
(103). In contrast, overexpression of hABCA1 under con-
trol of its endogenous promoter was shown to protect
against atherosclerosis in apoE_/_ mice (104). Two stud-
ies on ABCGI1 overexpression showed increased or un-
changed atherosclerosis in LDLr /" mice (105) and
apoEik mice, respectively (106). Thus, only one out
of these five studies showed a beneficial effect on ath-
erosclerosis of the overexpression of either ABCAl or
ABCGI.

Bone marrow transplantation studies have offered a dif-
ferent view on the role of both transporters in the vascu-
lar wall. In the absence of effects on plasma lipids,
repopulating apoE~/~ mice with ABCA1~/~ macrophages
resulted in accelerated atherosclerosis (99). In the con-
text of unexplained hypertriglyceridemia, an ABCA1™/~
bone marrow transplantation in LDLr /" mice also
resulted in larger and more advanced atherosclerotic
lesions (107). In line with an atheroprotective role of
ABCAL, transplantation of macrophages of ABCAItg mice
into LDLr /" mice resulted in decreased atherosclerotic
lesion progression, again without effects on lipid profiles
(108). On the other hand, data on ABCG1~/~ bone mar-
row transplantation studies provide a less clear picture;
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two studies showed reduced and one study increased ath-
erosclerosis (109).

In conclusion, total body knockout and transgenic over-
expression experiments have indicated that ABCAI and
ABCGI do not have the anticipated effect on atherosclero-
sis (with the exception of one out of seven studies). With
bone marrow transplantation experiments, however,
ABCALI was clearly shown to provide atheroprotection, al-
beit in the absence of effects on plasma lipids, whereas
similar experiments with a focus on ABCGI have given
contrasting results. Despite a clear indication that upregu-
lation of ABCA1 may be beneficial, none of these studies
support a direct protective effect of plasma HDL against
atherosclerosis.

LCAT

Lecithin-cholesteryl acyltransferase (LCAT) is an en-
zyme that plays a key role in regulating HDL-C levels
through the esterification of free cholesterol on HDL
(110). In contrast to what one may expect, a marked re-
duction of HDL-C as a result of LCAT deficiency causes
reduced atherosclerosis in C57/Bl6, LDLr /", apoE_/_,
and CETP transgenic mice (111). These results, however,
sharply contrast with those reported by Furbee et al. (112)
who showed that LCAT deficiency led to increased athero-
sclerosis in ap0E7/7 and LDLr /™ mice. The latter authors
hypothesized that differences in diet and plasma apoB li-
poprotein levels might explain this discrepancy (112). A
further study by Mertens et al. (113) supported a benefi-
cial role for LCAT by showing that LCAT gene transfer
reduces atherosclerosis by reducing oxidative stress in
LDLr ’/ ;0b/ob mice, but these effects were seen in the
absence of changes in HDL-C levels.

In line with this series of diverse results when studying
loss of LCAT, transgenic studies have not provided an an-
swer as to whether LCAT is pro- or anti-atherogenic, ei-
ther. A 100-fold overexpression of human LCAT in
C57B1/6N mice resulting in a 2.5-fold rise of HDL-C and a
3.5-fold rise of apoA-I levels in the absence of a change in
apoB levels was associated with a dose-dependent increase
of diet-induced atherosclerosis (114). Interestingly, over-
expressing hCETP in these mice normalized HDL-C lev-
els, which reduced the atherogenic phenotype (115).
Finally, other investigators showed that moderate overex-
pression of human LCAT had no effect on atherogenesis
(116-118).

In addition to mouse studies, there are a number of in-
teresting studies on LCAT in rabbits. A 15-fold LCAT over-
expression in transgenic rabbits (with endogenous CETP)
has been shown to protect against diet-induced atheroscle-
rosis (119) in the context of both marked increases in
apoA-I and decreases in apoB containing lipoproteins, as
further underlined in another study by these investigators
(120). However, in a later study, overexpression of LCAT
on an LDLr~’~ background did not affect aortic lipid con-
centrations nor the extent of aortic atherosclerosis in rab-
bits (121).

Taken together, LCAT studies in mice and rabbits have
not provided clear answers when it comes to the role of



this enzyme in atherogenesis, which in rabbits may be due
to effects on apoB lipoproteins. These studies illustrate
the impossibility to predict a shift in atherosclerosis
vulnerability on the basis of changes in plasma HDL-C
concentration.

CETP

CETP mediates the transfer of cholesteryl esters and
triglycerides between apoA-I and apoB lipoproteins. Wild-
type mice are naturally CETP deficient, carry most of their
cholesterol in HDL, and are not prone to atherosclerosis.
The introduction of human CETP in mice has greatly im-
proved our insight into lipoprotein metabolism. In cho-
lesterol-fed C57BL/6 mice, it led to a marked shift of
cholesterol from apoA-I to apoB containing lipoproteins,
resulting in reduced HDL-C and increased LDL-C levels.
These changes were associated with increased atheroscle-
rosis (122). In line with this, the expression of hCETP in
ap0E7/7 or apoE*3-Leiden mice decreased HDL-C levels,
elevated VLDL, LDL, and intermediate-density lipopro-
tein cholesterol, and also increased atherosclerosis (82,
123). Interestingly, inhibition of CETP with torcetrapib in
the latter mice did not offer improvement when used on
top of atorvastatin (124), mimicking the torcetrapib stud-
ies in humans (addressed below). In Dahl salt-sensitive
hypertensive rats (also naturally CETP-deficient), the in-
troduction of hCETP led to a dose-dependent increase of
atherosclerosis (125). However, these animals also dis-
played very strong dose-dependent increases in plasma
cholesterol (up to 6-fold) and triglycerides (up to 35-fold)
(125). In contrast, in hApoCIII transgenic mice (severely
hypertriglyceridemic with an increased tendency for ath-
erosclerosis), CETP expression led to lower plasma HDL-
C concentrations, lower total cholesterol levels, and
decreased atherosclerosis (126). Similarly, CETP expres-
sion has been shown to rescue the atherogenic pheno-
types of LCATtg mice (115) and SR-BI /™ mice (127),
in conjunction with a reduction of the elevated HDL-C
levels.

Rabbits naturally express CETP at high levels. When
fed cholesterol, CETP inhibition using various methods
generally resulted in a lower atherosclerosis burden
(128-132). However, in most of these studies, the drop in
nonHDL-C was stronger than the increase in HDL-C. Of
note, one study failed to show an effect of CETP inhibi-
tion on atherosclerosis in the context of a nonsignificant
decrease of nonHDL-C levels (128). On the other hand,
a more recent study demonstrated a linear association
between HDL-C increase and atherosclerosis reduction
after using torcetrapib in rabbits (132).

In conclusion, studies in rabbits show that CETP inhibi-
tion can offer atheroprotection, whereas many mouse
studies indicate that CETP may be pro- or anti-atherogenic
depending on the metabolic context. In line with the role
of CETP in lipoprotein metabolism, any modulation with
an impact on CETP has marked effects on all lipoprotein
parameters. As for LCAT, the CETP mouse studies show
that it is not possible to predict how changes in plasma
HDL-C concentrations affect atherosclerosis.

SR-BI

SR-BI is a hepatic HDL receptor (133) and plays a
role in cellular cholesterol homeostasis. Paradoxically,
SR-BI"/~ mice have 2.5fold increased plasma HDL-C
(134) but show accelerated atherosclerosis (135). On an
apoE_/ "~ background, these mice even develop spontane-
ous myocardial infarctions because of coronary atheroscle-
rosis on a chow diet (136). As mentioned above, the
introduction of human CETP in SR-BI”/~ mice normal-
ized HDL-C levels and attenuated atherosclerosis (127).
The anti-atherogenic role of SR-BI was furthermore un-
derlined by Kozarsky et al. (137) who showed that gene
transfer and hepatic ovexpression of SR-BI can protect
from atherosclerosis. SR-BI is also expressed in macro-
phages, where it mediates cellular cholesterol exchange
(44-47). In bone-marrow transplantation studies, SR-BI
has been shown to modulate atherosclerosis development
without effects on circulating lipids (138, 139).

These SR-BI studies reiterate that modulation of HDL-C
levels may have a paradoxical impact on atherosclerosis.

HL

Hepatic lipase (HL) hydrolyzes both triglycerides and
phospholipids and exerts this catalytic function on all
classes of lipoproteins (140, 141). Overexpression of hu-
man HL in mice resulted in decreased total and HDL cho-
lesterol levels and decreased aortic cholesterol content
(142). This effect on lipids and atherosclerosis was also
seen in a murine HL/LDLR double /~ context (143,
144). In HL/apoE double =/ mice, the introduction of
liver-specific human HL also lowered total and HDL cho-
lesterol. However, in this study an increase in plaque size
was observed (145).

HL ™/~ mice display a mildy altered lipid phenotype, in-
cluding a 21% increase in HDL-C and a 35% increase in
total cholesterol, but showed no change in atherosclerosis.
Female HL/apoE double ~/~ mice presented with reduced
aortic atherosclerosis in the context of increases in all lipo-
proteins including HDL (146). In contrast, in HL/LDLR
double ~/~ mice more atherosclerosis was observed (147).

Thus, mouse studies into the role of HL. in atherosclero-
sis have provided equivocal data, illustrating the impact of
the type of mouse model applied. Here too, levels of HDL-
C are a poor predictor of the atherogenicity of a particular
model.

EL

Endothelial lipase (EL) exhibits a high phospholipase
activity and low triglyceride lipase activity (143). It primar-
ily hydrolyzes HDL lipids. Mouse studies into the effect of
EL overexpression on atherosclerosis have not yet been
reported. EL/apoE double ~/~ mice had reduced athero-
sclerotic aortic lesion area in one study (148) but no
change in plaque area compared with apoE '~ mice in
another study (149). Both studies reported an increase in
HDL-C and phospholipids and no change in triglyceride
levels.

More data are needed to evaluate the link between EL,
HDL, and atherosclerosis.

The HDL hypothesis 2063



LXR

Liver X receptors (LXR) a and 8 are nuclear receptors
that control cellular cholesterol homeostasis through tran-
scriptional regulation of target genes such as ABCAI,
APOE, and ABCGI (150). The importance of these recep-
tors was shown by knocking out LXRa and 3, which caused
a 26% reduction of HDL-C, a 83% increase of LDL-C, and
a 27-fold accumulation of cholesterol in arterial wall mac-
rophages in mice on a normal chow diet (although aortic
lesions did not progress to advanced atheroma) (151). It
has been hypothesized that upregulation of LXR target
genes can provide atheroprotection. Indeed, systemic ad-
ministration of synthetic LXR agonists has been shown to
reduce plaque formation in mice (152). Moreover, bone
marrow transplantation studies have shown that this
atheroprotection can be attributed to macrophage LXRs
(153). In addition, others have shown that LDLr /~ mice
transplanted with LXRoch/ " bone marrow demonstrate a
3-fold increase in atherosclerosis in the absence of changes
in plasma lipids. (154) Unfortunately, systemic administra-
tion of first generation LXR agonists results in elevated
plasma triglycerides, fatty liver (155, 156), and disturbance
of growth hormone and thyroid axes (157).

These studies show that cholesterol mobilization from
the vascular macrophage constitutes an important step in
atheroprotection. However, these studies do not supporta
direct role for HDL as an atheroprotective entity.

Reviewing the data of major animal studies that have
focused on primary modulators of HDL metabolism, it is
clear that the vast majority of animal studies have thus far
not provided evidence that HDL protects from atheroscle-
rosis. Although many studies may have indicated that
modulation of HDL metabolism is associated with athero-
protection, a careful analysis shows that this is often seen
in the context of a simultaneous modulation of apoB-con-
taining lipoproteins, which obscures the reported effects
of HDL on atherosclerosis. The most positive and convinc-
ing data have been generated by studies of overexpression
of human apoA-I in mice and apoA-I infusion in rabbits.
Paradoxically, high HDL-C levels have also been associ-
ated with accelerated atherosclerosis in SR-BI"/~ or LCAT
transgenic animals. The capacity to reverse atherosclerosis
in these mice through CETP expression underlines the
interdependency of various HDL modulators to achieve
atheroprotection. Finally, bone marrow transplantation
experiments and studies with LXR agonists have provided
good evidence that promotion of cellular cholesterol ef-
flux from the vascular macrophage confers atheroprotec-
tion by promoting the initial steps of the RCT pathway.
However, it should be noted that these processes bear no
apparent relationship to plasma lipid levels, including
those of HDL-C.

GENETIC STUDIES IN HUMANS

Studying families with genetic disorders of HDL metab-
olism and thus a life-long exposure to high or low levels of
HDL-C may help to unravel whether HDL provides direct
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atheroprotection or not. A life-long exposure to 30-60%
reductions of HDL-C levels as a consequence of mutations
in ABCA1, APOAI or LCAT has been reported to be associ-
ated with increased cIMT and CVD risk in several family
studies (49, 158-162) but other investigators have not
found this (163, 164). The APOAly,,, defect, leading to
very low levels of HDL-C, has been associated with a nor-
mal cIMT in carriers (165). This has led some to believe
that apoA-Iyj.,, 1S more atheroprotective than normal
apoA-I, (165) but one may also interpret this as evidence
that HDL does not protect. Although this specific apoA-I
mutation has been reported to induce enhanced cellular
cholesterol efflux compared with wild-type apoA-I (165),
others have disputed this (166).

Human studies of functional mutations in genes that
are associated with higher HDL-C plasma levels have not
given a clear picture thus far. In line with the HDL hypoth-
esis, carriers of CETP mutations were initially reported to
have vascular benefit but this concept was not supported
by later studies (167). Several reports have indicated that
HL deficiency is associated with high HDL-C but the num-
ber of subjects studied is too small to draw conclusions on
the effect on atherosclerosis (168). Individuals with func-
tional mutations in EL have been reported to exhibit in-
creased HDL-C levels but to date there is no information
on the risk of atherosclerosis in these carriers (169). Thus
far, only one family study by our group describes a muta-
tion in SR-BI affecting HDL metabolism (unpublished
observations).

Under the assumptions of Mendelian randomization
(170), the existence of a causal relationship between HDL-
C levels and CVD would imply that associations between a
gene variant and HDL-C levels will translate into an altered
risk of disease. This concept was recently used by Danish
investigators who studied the impact of mutations in
ABCAI and HL on future CVD in the general population.
In two population cohorts and a large case-control study,
Frikke-Schmidt et al. (171) have studied ABCA1 mutations
and found that an ~30% lower HDL-C associated with
functional mutations in ABCA1 did not predict cardiovas-
cular risk in the general population and in CVD patients.
For HL, three functional variants have been shown to be
associated with a modest rise in HDL-C levels without
changing the risk of CVD (172).

Single nucleotide polymorphisms (SNP) in CETP pre-
sumably have the highest impact on HDL-C of all common
genetic variants that have hitherto been studied through-
out the genome. A recent meta-analysis on CETP geno-
types and CAD risk in 196,367 subjects (46 studies
combined) showed 5% risk reductions for three CETP
polymorphisms, all of which are associated with lower
CETP concentration and activity. Because these variants
conferred both ~5% higher HDL-C levels as well as ~1%
lower LDL-C and ~2% lower triglyceride levels (173), it
cannot be excluded that the association of these variants
with apoB lipoproteins was responsible for the observed
impact on CVD risk. In fact, a 5% risk reduction for a life-
long 1% reduction in LDL-C is proportional to that found
for a common genetic variant in the LDL receptor gene,



where a 5% increase in LDL-C was associated with an odds
ratio for CVD of 1.29 (174).

Genome-wide association studies have recently provided
new data on loci that modulate lipids and (apo)lipopro-
teins as well as CVD risk. In 2,000 CAD cases and more
than 12,000 controls, it was shown that 11 SNPs associated
with elevated LDL-C levels increased CVD risk. (174) In
contrast, 16 SNPs associated with changes in HDL-C levels
(in or near CETP, LIPC, LPL, GALNT2, LIPG, ABCAI,
MVK/MMAB, LCAT, and GRIN3A) were not associated
with CVD risk (174). In addition, Kathiresan et al. (175)
reported that a genotype score, crafted from a combina-
tion of four HDL SNPs and five LDL SNPs, was an inde-
pendent risk factor for CVD. Genotype scores for HDL-C
or LDL-C also predicted cardiovascular events separately,
but the effects of the individual SNPs on risk were not re-
ported (175).

In conclusion, the published cross-sectional family-
based candidate gene studies suffer from small numbers,
ascertainment bias, and lack of prospective follow-up. This
means that the results may be skewed because samples are
taken from families who have come to a physician’s atten-
tion rather than from the general population (171). By-
passing referral bias and cross-sectional designs, large
prospective population studies have indicated that non-
synonymous mutations in ABCAl and HL have no effect
on CVD risk, nothwithstanding profound effects on HDL
metabolism. Recent evidence obtained from large epide-
miological and genome-wide association study analyses do
not support the HDL hypothesis, either. In fact, a direct
head-to-head comparison between genetic variants affect-
ing either plasma LDL-C or HDL-C in a very large study
(174) indicated that only the former predict CVD.

CLINICAL TRIALS

This section focuses on therapeutic modalities that af-
fect HDL and have been studied for anti-atherosclerotic
efficacy in humans or show particular promise for the
future.

Fibric acid

Fibrates have primarily been developed on the basis of
their cholesterol- and triglyceride-lowering activity in ro-
dents. This class of drugs comprises agonists of the perox-
isome proliferator-activator receptor-a (PPAR-a) mostly
expressed in muscle and liver. They induce triglyceride ca-
tabolism and hepatic fatty acid uptake, reduce hepatic tri-
glyceride production, increase the removal of LDL from
plasma, reduce CETP activity, and increase the production
of apoA-I and apoA-II (176). In humans, fibrates have
been shown to reduce triglyceride levels by 18-48% and
LDL-C levels by 8-13% while increasing HDL-C up to 10%
(177, 178). In a posthoc analysis of the Veterans Affairs
High-Density Lipoprotein Cholesterol Intervention Trial
(VA-HIT), which studied the atheroprotective effect of
gemfibrozil in 2,531 men with a history of coronary heart
disease, the cardiovascular event rate was found to be in-

versely associated with on-trial HDL-C levels. This has been
interpreted as evidence in favor of a causal relationship be-
tween HDL-C and CVD (178). However, in light of the
much stronger triglyceride-lowering effect, the strong in-
verse biological relationship between HDL-C and triglyc-
erides, and the much higher variability of triglyceride
measurements, this interpretation is not conclusive. On the
other hand, a recent meta-analysis suggests that fibrates are
efficacious: they were shown to reduce the risk of nonfatal
myocardial infarction by 22% without influencing mortal-
ity, cancer, or stroke (179).

Nicotinic acid

Nicotinic acid, also known as niacin or vitamin B3, low-
ers triglycerides and LDL-C by 20% and 12%, respectively,
and can increase HDL-C levels up to 23% (177). Niacin
inhibits hepatic triglyceride synthesis, thereby decreasing
plasma apoB-containing lipoproteins, and raises HDL-C
levels by decreasing hepatic holoparticle HDL uptake
through inhibition of the expression of hepatic ATP syn-
thase 3 chain. A third target for niacin is the G-protein-
coupled receptor GPR109A (PUMA-G in mice). Although
this receptor has been shown to be critical to niacin’s lipid-
altering effects in mice, the relevance of this receptor in
humans is controversial (180). An argument against a role
for GPR109A is the absence of its expression in the human
liver, which is thought to be a primary target organ of nia-
cin (180). Finally, experiments with APOE*3-Leiden/
CETPtg mice showed that the HDL-C increasing effect of
niacin is at least partly mediated by inhibition of hepatic
CETP expression (181). Niacin was reported to improve
subclinical measures of atherosclerosis as well as cardiovas-
cular event rates in a few small trials. In 160 patients, the
HDL-Atherosclerosis Treatment Study (HATS) showed
that a niacin simvastatin combination therapy led to a
lower cardiovascular event rate compared with placebo
(182). The subsequent Arterial Biology for the Investiga-
tion of the Treatment Effects of Reducing Cholesterol
(ARBITER) 2 study examined the impact of the addition
of extended-release niacin to statin therapy on cIMT pro-
gression in 167 patients with established coronary heart
disease (and low HDL-C). In this study, no significant dif-
ference in cIMT progression was found between the treat-
ment arms, but a significant cIMT progression occurred in
the statin-only arm versus baseline in absence of a signifi-
cant progression in the niacin arm (183). In the ARBITER
3 study, 104 participants were treated with extended-re-
lease niacin and these subjects showed a net cIMT regres-
sion. However, in these cases an open-label design and the
lack of a control arm constitute serious limitations (184).
Very recently, two carotid imaging studies provided addi-
tional encouraging evidence of atheroprotection con-
ferred by extended-release niacin on top of statins (185,
186). Although these reports strongly emphasized the im-
pact of niacin on HDL-C levels, the studies show similar
profound changes in triglyceride levels.

The development of fibrates and nicotinic acid deriva-
tives was not founded on the HDL hypothesis; rather,
their potential to increase HDL-C has been welcomed as a
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side-effect. Although these drugs unmistakably have athero-
protective potential, given their broad spectrum of effects
on lipid metabolism, it is difficult to confidently ascribe
this beneficial effect to their impact on HDL-C.

HDL-like particles

Several investigators have studied the effects of infusion
of HDL-like particles. In a study performed by Eriksson et
al. (35), the intravenous infusion of human proapoA-I li-
posome complexes in four subjects with heterozygous fa-
milial hypercholesterolemia was shown to increase fecal
cholesterol excretion, lending support to the classical RCT
concept. In 2003, a widely-cited study reported regression
of coronary plaque atheroma volume compared with base-
line after infusion of recombinant apoA-ly;,,,/phospho-
lipid complexes (187). This study was of great conceptual
importance but it only comprised 45 patients in the active
arm and 12 patients in the placebo arm, leaving it under-
powered for a formal direct comparison between treat-
ment arms. In addition, the investigators did not observe a
dose-effect relation (188). Other investigators used a simi-
lar compound, rHDL, in a larger study. In this placebo-
controlled trial with 145 patients, four weekly infusions of
rHDL proved ineffective in reducing coronary plaque
atheroma volume versus placebo, although plaque regres-
sion relative to baseline in the active arm of the study was
observed (189).

Larger studies with HDL infusion protocols showing re-
duced plaque burden and a reduction in hard clinical
endpoints could provide a good basis for the HDL hypoth-
esis. At this point, however, the data on the effect of rela-
tively short-term HDL infusion studies are scarce and in
our opinion disappointing.

CETP inhibition

By inhibiting CETP, the normal exchange of neutral lip-
ids between apoA-I and apoB-containing lipoproteins is
blocked, which results in higher HDL-C and lower LDL-C
levels (190). Administration of CETP inhibitors dalce-
trapib (previously denoted as JTT-705), torcetrapib, and
anacetrapib has been shown to potently increase plasma
HDL-C concentrations in humans (191-193). Although
phase III trials with dalcetrapib and anacetrapib were re-
cently initiated, similar studies with torcetrapib were pre-
maturely halted in 2006: the large phase III mortality and
morbidity trial Investigation of Lipid Level Management
to Understand its IMpact IN ATherosclerotic Events
(ILLUMINATE) was terminated because of significantly
higher cardiovascular and noncardiovascular mortality
rates in the atorvastatin/torcetrapib arm (194). Concur-
rent imaging trials did not show positive effects of torce-
trapib treatment on cIMT (195, 196) nor on coronary
percent atheroma volume when applied on top of atorvas-
tatin therapy (197). The question is whether the failure of
torcetrapib can be attributed to CETP inhibition in gen-
eral or to off-target toxicity. Focusing on the latter, torce-
trapib use has consistently been associated with increased
blood pressure, elevated plasma aldosterone levels, and
electrolyte changes (194-198). These effects appear to be
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specific to torcetrapib because other CETP inhibitors have
no effect on blood pressure (199). Moreover, these effects
were independent of the inhibition of CETP as torcetrapib
also evoked an acute increase in blood pressure and plasma
adrenal steroids in naturally CETP deficient mice whereas
anacetrapib had no such effects (200). Although these
findings indicate off-target toxicity for torcetrapib, they
leave open the question whether CETP inhibition consti-
tutes a viable strategy for atheroprotection. Results from
ongoing CETP inhibition trials may provide the answer in
the next few years.

ApoA-I mimetic peptides and stimulation of
apoA-I synthesis

These peptides, seldom affecting HDL cholesterol lev-
els, shift the focus to functional attributes of HDL. Some
apoA-I mimetic peptides have been reported to result
in the formation of preB-like HDL particles, to increase
anti-oxidative paraoxonase activity, and to decrease HDL
lipid hydroperoxides (201). One of these peptides, orally
administered D-4F, has been show to be safe and well
tolerated in a first trial in humans (202) but data in hu-
mans on the efficacy of these compounds is unavailable
at this point. In contrast to the scant data in humans,
mouse studies with apoA-I mimetic peptides have shown
promise to reduce atherosclerosis and endothelial dys-
function (203).

Based on the positive data on apoA-I overexpression in
animal models, strategies to increase apoA-I synthesis are
vigorously pursued. RVX-208 is a compound that was spe-
cifically developed to increase endogenous apoA-I pro-
duction. In African green monkeys, oral administration
resulted in increased levels of plasma apoA-I and HDL-C
(204). Serum taken from these animals was shown to me-
diate enhanced cholesterol efflux from 774 macrophages
via the ABCA1 pathway, probably related to higher con-
centrations of small HDL particles (204). At this point,
there are no published data available regarding effects
on atherosclerosis. A phase III clinical trial is currently
planned.

In summary, there is evidence for fibrates and niacin as
anti-atherosclerotic agents, but because both drugs have
major effects on other blood lipids, this does not prove
that HDL is causal to the observed atheroprotection. A
large ongoing outcome trial with niacin (HPS2-THRIVE)
may provide the statistical power to indirectly assess the
effect of an increase in HDL-C in 2013. The use of apoA-I
mimetic peptides has yet to be proven to have clinical rel-
evance, whereas infusions of HDIL-like particles have
shown promise in preclinical studies and small-scale clini-
cal trials but have thus far not improved cardiovascular
outcome in larger studies. To date, the most powerful
tools to raise plasma HDL-C concentrations are CETP in-
hibitors. Whether these drugs decrease CVD risk may be
learned from two large outcome trials of which the results
are expected in 2012. Drugs that specifically upregulate
apoA-I may be the ultimate means to prove that HDL pro-
tects from CVD in humans, but these compounds are in
early clinical development.



CONCLUSIONS

A considerable and diverse body of evidence has been
generated to support the hypothesis that HDL protects
against atherosclerosis. However, caution is needed as the
strong urge for novel drugs to decrease CVD risk may have
biased this field of research. The most convincing evidence
for the HDL hypothesis has been generated through tissue
culture and animal experiments with suggestive evidence
from epidemiological studies. However, direct evidence
from human studies is almost absent.

Adjusting for confounders in the relationship between
HDL and CVD

Many risk factors for CVD also influence HDL-C levels,
thereby blurring the relationship between HDL and CVD.
Statistical adjustment for these potential confounders re-
lies on three assumptions: that the relationships between
confounders and HDL-C and CVD are linear, indepen-
dent of each other, and assessed with great precision. It s,
however, safe to state that, for many confounders, none of
these assumptions hold. It is well established that associa-
tions between parameters in epidemiological studies can
only aid the formulation of hypotheses, which need to be
tested by experimental research. In this respect, the results
of vitamin E supplementation, hormonal replacement
therapy, or homocysteine lowering by folic acid and vita-
min B supplementation are unsettling examples of prom-
ising epidemiological relationships which turned sour in a
clinical trial setting (205-207). The HDL hypothesis, too,
should be subjected to rigorous experimental testing.

In our view, the HDL hypothesis remains a hypothesis
to date (summarized in Fig. 1). This relates first of all to
the challenge to study HDL independent from effects on
other plasma lipids and lipoproteins, which is true for
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epidemiology and animal studies as well as for clinical
trials. The heterogeneity of HDL represents a second ma-
jor hurdle. Most studies carried out thus far have focused
on plasma HDL-C concentrations as a marker of the pro-
tection that is associated with HDL. However, it has be-
come increasingly clear that this may be an
oversimplification. The studies with the CETP inhibitor
torcetrapib are a hallmark in this respect, with increased
levels of HDL-C obviously not being predictive of a better
outcome (194). Moreover, earlier studies have shown
that interventions in HDL metabolism may affect athero-
sclerosis in the absence of effects on plasma HDL-C con-
centrations (104, 201). Although it is conceivable that
HDL subspecies, or individual HDL components will bet-
ter predict atherosclerosis, studies into these matters
have thus far only provided many hypotheses (208) and
the translation of such data to clinical practice is in its
infancy. Strategies aimed at improving HDL function
may prove useful, but HDL function, a poorly defined
concept to date, is not easily assessed. What is needed
first is convincing evidence that HDL function parame-
ters can both predict the occurrence of CVD as well as a
beneficial therapeutic intervention in humans.

Genetic studies offer another interesting means to study
the HDL hypothesis. Data from very large genetic associa-
tion studies will soon provide the statistical power needed
to test whether HDL gene variation affects atherosclerosis
or not. However, many of the genetic variants that affect
HDL-C levels also affect other lipid parameters.

With respect to clinical trials, only those compounds
causing an isolated HDL increase can be expected to offer
a direct answer to the primary question of this review. Ath-
erosclerosis imaging and clinical endpoint trials with spe-
cific apoA-I agonists are best suited to this goal, because
these compounds target the de novo HDL production at

Fig. 1. Evidence for the HDL hypothesis. Although
epidemiological studies have established a strong
negative relationship between HDL cholesterol and
cardiovascular disease, there are many variables
which affect HDL cholesterol levels as well as cardio-
vascular disease risk simultaneously; the role of these
potential confounders is unclear. On the basis of in
vitro experiments, HDL has been credited with
many putative atheroprotective qualities, but clini-
cal relevance has not been convincingly proven for
any of these properties. Animal models yielded con-
flicting results for most of the key players in HDL
metabolism with respect to their effect on plasma
HDL levels and atherosclerosis propensity. Only
apoA-I, the primary structural protein of HDL,
showed a strong and consistent atheroprotective
tendency in overexpression and infusion models. In
humans, both high-quality genetic association stud-
ies and clinical trials have thus far not provided
clear-cut evidence in favor of the hypothesis that
HDL protects from atherosclerosis.
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its natural production site and have little or no effect on
other lipid parameters. The infusion of HDI-like macro-
molecules constitutes another means to study whether
HDL provides atheroprotection but, if successful, the in-
travenous route of administration is bound to limit its ap-
plication in daily clinical practice.

Irrespective of the outcome of ongoing trials, the iden-
tification of putative drug targets related to HDL pathways
remains of great importance. Research into macrophage
cholesterol homeostasis and, more specifically, cholesterol
efflux has already provided interesting targets for therapy.
With macrophages at the culprit of atherosclerotic plaque
development, the right intervention directed at these cells
can be expected to provide atheroprotection. However,
here too, stronger evidence to link macrophage choles-
terol efflux to CVD in humans would be welcome .l

We are indebted to Haydn Pritchard (University of British
Columbia, Vancouver) for valuable suggestions and textual
advice.
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