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Abstract Cholesteryl ester transfer protein (CETP) is a
plasma glycoprotein that facilitates the transfer of choleste-
ryl esters from the atheroprotective high density lipoprotein
(HDL) to the proatherogenic low density lipoprotein cho-
lesterol (LDL) and very low density lipoprotein cholesterol
(VLDL) leading to lower levels of HDL but raising the levels
of proatherogenic LDL and VLDL. Inhibition of CETP is
considered a potential approach to treat dyslipidemia.
However, discussions regarding the role of CETP-mediated
lipid transfer in the development of atherosclerosis and
CETP inhibition as a potential strategy for prevention of
atherosclerosis have been controversial. Although many
animal studies support the hypothesis that inhibition of
CETP activity may be beneficial, negative phase III studies
on clinical endpoints with the CETP inhibitor torcetrapib
challenged the future perspectives of CETP inhibitors as
potential therapeutic agents. The review provides an update
on current understanding of the molecular mechanisms
involved in CETP activity and its inhibition.
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Introduction
Cardiovascular disease is the most common cause for

mortality and morbidity in the developed world, and it is
estimated that mortality from cardiovascular diseases will
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have increased worldwide by 90% by the year 2020 when
compared with the situation in 1990 [1]. Guidelines for the
prevention and management of cardiovascular disease
focus on the reduction of levels of low-density lipoprotein
(LDL) cholesterol [2, 3]. Hydroxymethylglutaryl coen-
zyme A (HMG-CoA) reductase inhibitors (referred to as
statins) are commonly used to manage LDL [2, 3]. Despite
this existing standard, reduction of coronary events is low,
and new and efficacious treatment options are needed [4].

The plasma cholesteryl ester transfer protein (CETP)
was first described as a high molecular weight protein
stimulating the transfer of cholesteryl ester between lipo-
proteins in plasma of hypercholesterolemic rabbits [5].
Additional reports on the function of CETP in humans
followed a couple of years later [6, 7]. Later it was again
demonstrated that CETP is also able to facilitate the
transfer of triglyceride and phospholipids [8]. CETP is an
important component of the reverse cholesterol transport
(RCT) and regulates the concentration of high-density
lipoprotein cholesterol (HDL). RCT is chiefly character-
ized by the transport of cholesterol from peripheral tissues,
for instance macrophage foam cells in arterial walls, to the
liver for excretion via bile and feces [9].

Various studies suggest that the risk of cardiovascular
disease is inversely associated with plasma levels of HDL
[10-12], and HDL has been proposed to have potential
atheroprotective effects [13]. CETP facilitates the transfer
of cholesterol esters from the atheroprotective HDL to the
proatherogenic low density lipoprotein cholesterol (LDL)
and very low density lipoprotein cholesterol (VLDL),
leading to lower levels of HDL but raising the levels of
proatherogenic LDL and VLDL. On the other hand, CETP
transfers triglycerides (TG) from VLDL or LDL to HDL,
leading to TG-enriched HDL, which is more readily
hydrolyzed by hepatic lipase resulting in smaller sized
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HDL particles that more effectively promote reverse
cholesterol transport [14]. CETP inhibition might be a
powerful tool for increasing HDL cholesterol, decreasing
LDL and VLDL cholesterol, and thus reducing the devel-
opment of atherosclerosis [15].

However, discussions about the role of CETP-mediated
lipid transfer and its inhibition for the prevention of car-
diovascular diseases have been controversial [16-27],
although many animal studies support the hypothesis that
inhibition of CETP activity may be beneficial [28-32].
Negative phase III studies on clinical endpoints with the
CETP inhibitor torcetrapib challenged the future perspec-
tives of CETP inhibitors as potential therapeutic agents
[33-36]. It has been discussed recently whether potential
off-target effects of torcetrapib could have contributed to
the failure of this CETP inhibitor [17-19], and continuing to
study other CETP inhibitors for their potential to improve
plasma lipid profiles and reduce cardiovascular risk has been
suggested. Indeed, currently several compounds are being
investigated in preclinical or clinical studies [17-19, 37, 38].

In this article, we review the current mechanisms
involved in CETP activity and CETP inhibition, and their
potential implications for treating atherosclerosis.

Structure of cholesteryl ester transfer protein

Information on the structure of CETP is necessary for
understanding the interaction of CETP with lipoproteins.
CETP belongs to a family of proteins involved in lipid
binding, such as lipopolysaccharide-binding protein (LBP)
and bactericidal/permeability-increasing protein (BPI) [39],
and lipid transfer [phospholipid transfer protein (PLTP)]
[40]. Plasma CETP is a 476 amino-acid residue glycopro-
tein and has a molecular mass of 74 kDa, of which 28% is
attributed to N-glycosylation at residues 88, 240, 341 and
396 [41-43].

At the beginning of CETP research, several laboratories
have reported purification of proteins from human plasma
active on cholesteryl ester transfer between lipoprotein
particles with considerable variability in molecular mass,
abundance and specificity. Cloning and sequencing of the
CETP-cDNA [42] and the determination of the structure
and organization of the human CETP gene [43] have
greatly contributed to overcoming this situation. The CETP
gene is located at chromosome 16 (16q12-16q21). The
gene spans approximately 25 kbp and contains 16 exons
(size range 32-250 bp) and 15 introns [43]. The upstream
flanking region has regulatory sequences including nuclear
factor 1, a sterol regulatory element, hepatocyte nuclear
actor 1 and a nuclear receptor binding site that is activated
by LXR [44]. A single copy of the CETP gene exists per
haploid genome.

Interestingly, the sequence and organization of the
CETP gene do not resemble those of other lipid-metabo-
lizing enzymes or apolipoproteins, although there is
apparent identity of a pentapeptide sequence (ValLeuThr-
LeuAla) within the hydrophobic core of the signal
sequences of human CETP, apolipoproteins A-IV and A-I,
and lipoprotein lipase. This pentapeptide sequence may
mediate a specialized function related to lipid metabolism
or transport [43].

The availability of structural details of CETP was a pre-
requisite to replace older and speculative hypotheses
regarding the mechanism of CETP-mediated lipid transfer.
The crystal structure of CETP has been described at 2.2 A
resolution [45]. Qiu et al. [45] described details regarding the
structure of CETP and, on this basis, formulated a structure-
based hypothesis regarding the CETP mechanism of action.
CETP has a concave surface area that appears to be the part
of the molecule that binds lipoproteins [45]. The diameter of
the curvature coincides with that of discoidal HDL particles,
which suggests that CETP may bind one single HDL particle
to this area with only modest structural changes. The surface
contains charged and hydrophobic residues that are evenly
distributed. This suggests some robustness with respect to
activity, which is supported by the absence of detectable
activity changes in concave-surface mutants [44]. It was
postulated that potential conformational changes may occur
to accommodate larger lipoprotein particles [45]. The
structure of CETP also revealed a 60—/0\—long tunnel structure
that demonstrated binding of two neutral lipids and two
phospholipids [45]. Two hydrophobic cholesteryl esters fill
the tunnel, and the two distinct openings are plugged by
phosphatidylcholines at each end [45]. The tunnel openings
allow lipid access, which seems to be aided by a flexible
helix and by a mobile flap. Point mutations blocking the
middle of the tunnel abolish lipid-transfer activities, sug-
gesting that neutral lipids pass through this continuous
tunnel [45]. The crystal structure provides evidence for the
proposed mechanisms of action of CETP and, in addition,
could be a useful basis for future drug design.

Mechanism of action

CETP is secreted mainly from the liver [47]. Significant
amounts of CETP mRNA are also expressed in adipose
tissues [48, 49]. It was demonstrated that human adipose
tissue maintained in organ culture synthesizes and secretes
CETP [49].

In the circulation, CETP is frequently bound to HDL
[46].

CETP is involved in transport pathways for lipids.

In general, CETP facilitates the transfer of neutral lipids
such as cholesteryl ester and triglycerides among
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lipoprotein particles in two ways, as homoexchange, which
describes the bidirectional transfer of the same neutral lipid
between lipoproteins or heteroexchange, which describes a
net mass transfer of cholesteryl ester and triglycerides
between lipoproteins [5-9, 50, 51]. The overall effect of
the heteroexchange is the transfer of cholesteryl ester from
HDL to triglyceride-rich lipoprotein (TRL like VLDL) and
LDL and a transfer of triglycerides from TRL to LDL and
HDL [5-9, 50, 51]. CETP may also have an important role
in cellular cholesterol homeostasis. Indeed, CETP has a
role in selective uptake of HDL cholesterol esters by
human adipocytes, suggesting that this pathway may be of
quantitative physiological significance in HDL remodeling
and adipocyte cholesterol accumulation [52]. Here, we
focus on the role of CETP in plasma lipid transport.
Figure 1 illustrates the mechanism hypothesis of CETP
transfer of cholesteryl ester and triglyceride between HDL
and triglyceride-rich lipoproteins. In normolipidemic
humans, CETP accounts for redistribution of cholesteryl
ester from HDL to LDL particles, particularly of interme-
diate size and density. Such LDL particles have high
affinity for LDL receptor and are therefore rapidly removed
from plasma [53].

The key role of CETP in mediating bidirectional transfer
of cholesteryl ester and triglyceride among plasma lipo-
proteins is important to understand the relationship of high
plasma triglyceride and low HDL levels and the associated
risk to develop cardiovascular diseases.

Basically, CETP is thought to work as a carrier by
accepting neutral lipids from a donor particle, transporting
them through the aequous phase and delivering them to the
acceptor lipoprotein [50]. This transport would involve the
following basic steps: binding of CETP to lipoproteins,
exchange of lipids at the CETP-lipoprotein interface, the

Fig. 1 CETP facilitates bi-
directional transfer of
cholesteryl esters and

actual transfer of neutral lipids and phospholipids and
finally the release of the newly assembled lipoproteins
from CETP.

The binding of HDL to CETP is influenced by several
factors including particle size, shape of the particle and
lipid composition [54]. Binding of lipoproteins occurs most
likely at the concave surface of CETP [45]. Biochemical
binding studies have shown high binding affinity for nas-
cent disoidal HDL to CETP [54, 55]. According to the
structure-based binding model, these particles exactly fit
into the radius of the curvature without conformational
change [45]. The surface contains charged and hydropho-
bic residues that are evenly distributed [45]. Polar groups
of the CETP-bound phospholipids with amino acids at the
HDL surface could interact electrostatically and initiate the
transfer of those phospholipids to HDL. CETP-bound tri-
glycerides or cholesteryl ester could fill the hydrophobic
pocket temporarily. Upon lipoprotein binding, phospho-
lipids bound to the tunnel openings may merge into the
phospholipid monolayer of solubilized neutral lipids and
permit access to neutral lipids entering and exiting the
tunnel structure. Cholesteryl ester and triglyerides may
completely pass through the tunnel, which is considerably
wider than the minimal cross-sectional area of cholesteryl
esters or triglycerides [45, 56].

The atheroprotective role of HDL and the reverse
cholesterol transport

HDL particles are heterogeneous in human plasma with
distinct and unique physicochemical properties, intravas-
cular metabolism and biological activities [57]. Types of
HDL particles [58] include discoidal and spherical HDL
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particles. The small discoidal particles (<8 nm diameter)
mainly consist of ApoAl embedded in a lipid monolayer
consisting of free cholesterol and phospholipids. Spherical
HDL particles are larger (>8 nm diameter) and contain a
hydrophobic core of cholesterylester and triglycerides.
Separation of light HDL2 (9-10 nm diameter; density, d
1.063-1.125 g/ml) and dense HDL particles (8-9 nm
diameter; d 1.125-1.21 g/ml) is possible by ultracentrifu-
gation [reviewed in 58].

The imbalance between cholesterol deposition in and
removal of cholesterol from the arterial wall is thought to
play a role in the development of atherosclerosis [59, 60].
Reverse cholesterol transport (RCT) describes the trans-
port of excess cholesterol from the periphery, for instance,
macrophage foam cells in arterial walls to the liver [59].
HDL plays a key role in RCT. The RCT process includes
the efflux of free cholesterol from tissue macrophages, the
uptake by HDL, its subsequent esterification by leci-
thin:cholesterol acetyltransferase (LCAT) and transport to
the liver for secretion [51, 61, 62]. The efflux of cho-
lesterol from macrophages can occur by several
mechanisms including diffusion [63], interaction with the
ATP-binding cassette transporters ABCA1 and ABCGI1
[64] or scavenger-receptor BI (SR-BI) [65]. The ATP-
binding cassette transporters like ABCA1 appear to be the
most efficient system accounting for more than 50% of
the cholesterol efflux from macrophages to poorly lipi-
dated ApoA-I [62]. After esterification by LCAT, ApoA-I
is subsequently converted to HDL. Mature HDL may
deliver cholesteryl ester or free cholesterol directly to the
liver.

The majority of free cholesterol is transported to the
liver by the SR-BI pathway [66, 67]. Cholesteryl ester is
mainly transferred to other lipoproteins by CETP in
exchange for triglycerides in apolipoprotein B-containing
particles like LDL or VLDL. Apo-B-rich particles are
taken up by the liver through LDL receptors. The last step
in the reverse cholesterol transport pathway is the excretion
of free cholesterol or cholesteryl esters [66—70].

HDL has several proposed atheroprotective functions
including the improvement of re-endothelization through
EPC activation and proliferation [71], the reduction of LDL
oxidation and endothelial cell adhesion expression [71].
Administration of exogenous HDL to hypercholesterolemic
rabbits led to reduction of free and esterified cholesterol in
atherosclerotic plaques and subsequent regression of those
plaques [61].

Although particles of all HDL sub-fractions have mul-
tiple biological activities including cholesterol efflux
capacity, antioxidative, antiinflammatory, antiapoptotic,
antithrombotic, vasodilatatory and antiinfective activities,
small and protein-rich particles possess particularly potent
antiatherogenic properties [20, 73].

There is a substantial body of evidence from basic sci-
ence, epidemiologic studies and clinical trials showing that
raising HDL by therapeutic means may effectively reduce
cardiovascular risk [28-32, 74-76]. Caucasian and Asian
subjects with exceptional longevity have been described to
show elevated HDL and reduced LDL levels with larger
particle sizes in both HDL and LDL [74-76].

A therapeutic increase of HDL cholesterol caused by
nicotinic acid (niacin) has been described to be effective
for the reduction of atherosclerosis progression or clinical
cardiovascular events over a broad range of risk levels [20].
Thus, considering the potential impact of increased levels
of HDL cholesterol in the reduction of cardiovascular risk,
RCT is an important mechanism in its proposed athero-
protective or antiatherogenic role. However, carriers of the
apoA-1 Milano mutation [77, 78] have very low HDL
cholesterol levels, but no increase in the risk of heart dis-
ease. ApoA-I Milano contains an extra cysteine bridge,
which enables the protein to form homodimers or hetero-
dimers with apoA-II. This finding led to the speculation
that apoAl Milano has enhanced cardioprotective effects
[79-82] on the one hand; on the other hand, some believe
that there is functional equivalence between wild-type
ApoA-1 and apoA1l Milano [83, 84]. However, in a clinical
study infusions of apoA1l Milano-phospholipid complexes
led to the regression of atheromas [85, 86]. It is not clear
how the Milano mutation impacts the RCT, but a preclincal
study suggests that wild-type ApoA-1 and apoAl Milano
are equally efficient at promoting macrophage RCT, which
suggests that if there is atheroprotecivity due to the Milano
mutation, this is unlikely to be due to enhanced RCT by
macrophages [87].

CETP deficiency and genetic variants

Two isoforms of CETP mRNA have been described in
humans including a full-length form and a splice variant
where exon 9 is deleted [88]. Although the physiological
relevance of the splicing for CETP regulation in humans is
not fully understood, it is hypothesized that the deletion
variant may function as an inhibitor for the secretion of full
length CETP [89].

Mutations resulting in CETP deficiencies have been
described in Japanese populations but are rare in Western
countries [90-93]. Altogether, 13 mutations of the CETP
gene have been described including nonsense and missense
mutations as well as mutations in the splicing site or pro-
moter [89-93]. These mutations result in net CETP activity
loss and are associated with high HDL [44]. An intron 14
splicing defect (Int 14 + 1G — A Int 14 + 1G — A) and
an exon 15 missense mutation occur frequently in Japanese
people with a heterozygote frequency of 1 and 7%,
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respectively [44, 92]. Genetic CETP deficiencies account
for an estimated 50% of hyperalphalipoproteinemia cases
among Japanese people and may lead to up to six-fold
higher HDL levels [44, 92, 94]. The relevance of CETP
deficiency is still not completely understood, but it is
doubted that partial or complete CETP deficiency
determines longevity. Indeed, Japanese with the Int
14 + 1G —» A mutation have a higher prevalence of
ischemic electrocardiogram changes despite HDL levels of
more than 1.80 mmol/l [91]. However, it is unclear whe-
ther complete CETP deficiency may be proatherogenic
[95]. In a small group of people with heterozygote CETP
deficiency, carotid intima media thickness has been found
to be unaltered [96].

Complete or partial CETP deficiency only occurs
infrequently, whereas, in contrast, SNPs including varia-
tions in both coding and non-coding regions are quite
common [44, 90, 92]. One of the most studied forms is
the TaqIB polymorphism in the 277th nucleotide in intron
1 (rs 708272; chromosomal position 55553789 with the
B1 allele with a Taql restriction site being the most
common) [44]. It is well established that the B2 allele is a
determinant of higher HDL cholesterol, and B1B1 sub-
jects apparently have higher CETP mass and activity
compared with B2B2 homozygotes [44, 97]. A pooled
analysis concerning the association of cardiovascular
disease with the TaqIB polymorphism that was predomi-
nantly including Caucasian subjects suggested that that
the risk of cardiovascular disease is increased in B2B2
compared with B1B1 carriers, whereas cardiovascular risk
appears to be decreased in B2B2 carriers compared to
B1B1 carriers from high-risk populations [44]. The
authors explain the apparent paradox in part by the
selection of subjects towards a lower frequency of B2B2
carriers in the high-risk population. Although many
questions are still open, this analysis suggests that in the
general population, the B2 allele is associated with a
higher cardiovascular risk despite higher HDL. However,
the authors conclude that it is unlikely that determination
of a single CETP polymorphism or even CETP haplotype
analysis would be of clinical benefit in predicting car-
diovascular disease in individual subjects. In view of
contradictory results concerning the effect of this common
CETP variation on the lipid response to (1) lipid-lowering
treatment, (2) diet intervention and (3) cardiovascular
outcome after statin therapy, the documentation and
interpretation of CETP variants for guiding optimal
treatment efficacy cannot be recommended [44]. In a
recent meta-analysis, three CETP genotypes were found
to be associated with moderate inhibition of CETP
activity, modestly higher HDL levels and weakly inverse
associations with coronary risk [98]. These findings
highlight the need for further and probably larger studies

to investigate the impact of genetic variants on complex
outcomes such as coronary disease.

Rationale for CETP inhibition as a principle
of preventative treatment for atherosclerosis

The potential role of CETP in atherogenesis has been
discussed for a long period of time, and the controversial
debate continues [16-27, 99].

The CETP activity involves two processes. Firstly,
CETP activity accounts for a substantial proportion of the
cholesterol that is returned to the liver by RCT and sub-
sequently excreted. Secondly, CETP mediates the transport
of cholesteryl ester from HDL to apo-B-rich lipoproteins
like VLDL or LDL. This process results in a net decrease
of atheroprotective HDL, which is thought to be the reason
for the potential proatherogenic role of CETP in humans.
High CETP activity has been found in patients with met-
abolic disease including diabetes mellitus type 2 or
metabolic syndrome [58]. High CETP activity enriches the
triglyceride content of HDL particles. These triglyceride-
rich HDL particles are being hydrolyzed by hepatic lipase
and destabilized, which involves shedding of apoAl. In
consequence, the turnover of this protein is accelerated [72,
91]. Triglyceride-rich small HDL particles do not possess
atheroprotective activities [71]. Therefore, CETP inhibition
may have a double function; it could first improve the core
lipid composition of HDL and, secondly, correct HDL
functional defects that are associated with altered compo-
sition of HDL in patients with certain metabolic diseases.

The principle of CETP inhibition is supported by
numerous animal studies [28-32]. Some species like mice
and rats are naturally deficient in CETP. Introduction of the
human CETP gene into mice led to a reduction of HDL
levels and a net increase of VLDL bidirectional and LDL
[100, 101]. A high cholesterol diet led to the development
of atherosclerotic lesions that were more severe than in
non-transgenic animals [29]. Lesion progression in this
model was a function of cholesterol partitioning between
the lipoproteins and less a function of plasma cholesterol
concentration, which indicates that the CETP-induced
alteration in cholesterol distribution might have been the
major reason for the more rapid development of arterial
lesions in CETP-transgenic mice [29].

Further experimental evidence for the atherogenic
potential of CETP and the beneficial effects of inhibiting
CETP activity was obtained in rabbits where CETP activity
is naturally high. CETP inhibition in cholesterol-fed rabbits
by means of antisense oligonucleotides targeted to the liver
resulted in higher HDL levels and reduction of atheroscle-
rosis compared to controls [30]. In addition to these findings,
administration of the CETP-inhibitor dalcetrapib (JTT-705)
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to cholesterol-fed rabbits resulted in increased HDL levels
and, moreover, reduced atherosclerosis comparable to sim-
vastatin in the same setting [31]. However, different results
were obtained in rabbits with severe hypercholesterolemia
where administration of dalcetrapib led to high HDL but did
not show an effect on the development of atherosclerotic
lesions [32]. In this study, the atheromatous area was cor-
related with triglycerides that were elevated and non-HDL
cholesterol levels. This is consistent with the finding that in
subjects with familial hypercholesterolemia, increased HDL
levels caused by partial CETP deficiency were shown to be
insufficient to prevent CHD [102].

In healthy individuals with high triglyceride levels,
elevated CETP levels are associated with an increasing risk
of future coronary heart disease [103]. Another study in
patients with familial hypercholesterolemia confirmed
these findings. Higher CETP levels were correlated with
decreased HDL, increased LDL, enhanced triglyceride
levels and increased progression of atherosclerosis [104].
In addition, high CETP levels were also associated with
reduced HDL and LDL particle size. Although statin
treatment improved the lipoprotein profile in patients with
familial hypercholesterolemia, the effects were less pro-
nounced in patients with high CETP levels. Altogether, the
existing evidence supports the hypothesis that pharmaco-
logical CETP inhibition may reduce the risk for coronary
arterial disease in humans with high triglyceride levels.

CETP inhibitors

Despite the availability of LDL-lowering statins, there
remains considerable unmet medical need for novel treat-
ments of atherosclerosis and preventative strategies
prompting efforts to develop novel treatment options to
fight atherosclerosis. The existing evidence regarding
potential atheroprotecive activity of HDL and potential
benefits of CETP inhibition have led to numerous efforts to
evaluate CETP-inhibiting agents and principles. Several
strategies to target CETP inhibition including vaccination,
antisense deoxynucleotides and the development of small
molecule inhibitors of CETP have been described. CETP
vaccines are still under development, although early reports
suggested that antibody titers were too low to achieve
sufficient CETP inhibition [105]. More recently, the
immunogenicity of CETP vaccines could be increased by
co-administration of a CpG adjuvant in preclinical models
[106]. Administration of antisense deoxynucleotides was
studied in small animal models and led to increased HDL
levels and reduced atherosclerosis compared to experi-
mental controls [30]. Several small molecule inhibitors of
CETP have been developed [17-19, 21, 37, 38]. Results
from preclinical and clinical studies conducted with these

inhibitors help to understand the complexity of CETP
inhibition on the one hand but, on the other hand, lead to
important new questions regarding the viability of CETP
inhibition in general and in specific populations.

Torcetrapib, a compound that binds to CETP inducing a
non-productive complex with HDL [107], has been dem-
onstrated to decrease LDL and increase HDL levels in
early clinical studies [108-110].

Monotherapy with 60 mg torcetrapib per day over a
period of 8 weeks resulted in a mean +45% increase of
HDL, a mean decrease of —8% of LDL and a decrease of
—16% of triglycerides versus baseline [109]. Against the
background of 20 mg/day atorvastatin therapy, the mean
changes versus baseline were +33% for HDL, —16% for
LDL and +5% for triglycerides [110]. These impressive
results were obtained in double-blinded and placebo-
controlled but relatively small studies (n = 162 for
monotherapy and n = 174 in the atorvastatin combination
at baseline).

HDL increase and LDL decrease have also been observed
in large phase III studies [33-36]: the Investigation of
Lipid Level Management to Understand its Impact in
Atherosclerotic Events (ILLUMINATE) study [33], the
Investigation of Lipid Level Management Using Coronary
Ultrasound (ILLUSTRATE) study [34] and the Rating
Atherosclerotic Disease Change by Imaging with New
CETP Inhibitor (RADIANCE) studies in patients with
familial hypoalphalipoproteinemia (RADIANCE 1) [35]
and in patients with mixed hyperlipidemia (RADIANCE 2)
[36]. In the ILLUMINATE study, patients treated with tor-
cetrapib for 1 year showed an increase of 72% in HDL and a
decrease of 25% in LDL as compared with baseline. How-
ever, an increase of 5.4 mmHg in systolic blood pressure, a
significant decrease in serum potassium and increases in
serum sodium, bicarbonate and aldosterone have also been
observed in patients treated with torcetrapib. In addition,
there was also a significantly increased risk of cardiovascular
events and death in those patients. Post hoc analyses showed
an increased risk of death in patients treated with torcetrapib
whose reduction in potassium or increase in bicarbonate was
greater than the median change [33].

Disappointing results were also obtained in the ILLUS-
TRATE study, which did not demonstrate a significant
decrease in the progression of coronary atherosclerosis in the
torcetrapib-atorvastatin group as compared with atorvastatin
monotherapy despite a substantial increase in HDL and
decrease in LDL [34].

In patients with familial hypercholesterolemia, the use
of torcetrapib with atorvastatin, as compared with atorva-
statin alone, did not result in further reduction of
progression of atherosclerosis, as assessed by a combined
measure of carotid arterial wall thickness. In contrast, it
was associated with progression of disease in the common
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Table 1 CETP inhibitors and their mode of CETP inhibition

Structure Compound

Clinical phase

Mode of CETP inhibition

Torcetrapib

CF, CF,
~o ;
A

O”'N

CF,

Anacetrapib

Dalcetrapib

BAY 60-5521

Phase III discontinued in 2006

Phase II1

Phase IIT

Phase 1

Reversible binding to CETP
resulting in a high affinity
nonproductive complex of
torcetrapib, HDL and CETP
[121, 123]

Binding mode not published

Irreversible binding to CETP by
disulfide formation of Cys-13
with free SH in active form of
dalcetrapib

HDL generated is of normal
composition [121, 122]

Binding mode not published

carotid segment. Also in this study, these effects occurred
despite a large increase in HDL cholesterol levels and a
substantial decrease in levels of LDL cholesterol and tri-
glycerides [35].

In vitro, torcetrapib induces aldosterone and cortisol
production by an intracellular calcium-mediated mecha-
nism independently of CETP inhibition [111]. The
association of torcetrapib treatment with substantial chan-
ges in aldosterone levels, changes in electrolytes and
hypertension led to discussions of whether off-target
effects of torcetrapib have led or at least contributed to the
negative results in these large clinical studies [17-26, 112].
However, the reasons for the torcetrapib failure remain
elusive, and it cannot be excluded that CETP inhibition
may have caused or contributed to the negative results in
the torcetrapib studies.

Various efforts to design novel inhibitors of CETP are
ongoing [37, 38]. The synthesis of novel tetrahydrochino-
line-derived CETP inhibitors has been described [113].
BAY 60-5521 was tested in an early clinical study in
humans and proved to be clinically safe and well tolerated
in this first human study demonstrating a clear pharmaco-
dynamic effect on CETP inhibition and HDL [114].

The two most advanced CETP inhibitors undergoing
late stage clinical trials are dalcetrapib (JTT-705) [115—
118] and anacetrapib (MK-0859) [119, 120]. Dalcetrapib
increased HDL and demonstrated a favorable safety profile
in a phase II study, and no changes in vital signs including
blood pressure have been observed [106, 107]. A phase III
trial to evaluate the effects of 600 mg dalcetrapib com-
pared with a placebo on mortality and morbidity in
approximately 15,600 high-risk patients considered to have
stable CHD after recent cardiovascular events is currently
in progress (The dal-HEART Program: Dalcetrapip HDL
Evaluation, Atherosclerosis and Reverse Cholesterol
Transport; ClinicalTrials.gov identifier NCT00658515).
The binding mode of dalcetrapib to CETP has been pub-
lished and is different compared to that of torcetrapib [121—
123]. Anacetrapib is an orally active, potent and selective
CETP inhibitor. Single and multiple dose studies in healthy
volunteers were well tolerated and resulted in favorable
changes in the lipid profile without changes in blood
pressure [119]. In addition, co-administration with atorva-
statin did lead to increased HDL and decreased LDL levels
in patients with primary hypercholesterolemia or mixed
hyperlipidemia without discernable effects on blood
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pressure, serum electrolytes or aldosterone levels [120].
Information regarding the structure of the CETP inhibitors
described in this article is summarized in Table 1.

Because of the outcome of the large torcetrapib studies
where reasons for the failure remain elusive, smaller
studies with these different CETP inhibitors may help to
aid future clinical development. A total of 1,623 patients
with CHD or CHD equivalents were randomized into a
76-week randomized, double-blind, placebo-controlled
phase III study (DEFINE) to assess the tolerability and
efficacy of anacetrapib when added to ongoing lipid ther-
apies in patients. The goal of this study is to obtain safety
experience with anacetrapib to inform decisions regarding
initiation of phase III outcome trials [124].

Overall, the clinical results with anacetrapib and dal-
cetrapib are promising so far. However, clinical outcome
data are still missing with these novel CETP inhibitors.

Only studies with CETP-inhibiting compounds lacking
the torcetrapib side effect profile may provide answers to
the open question of whether CETP inhibition is indeed a
feasible therapeutic approach to minimize CHD risk or
treating arteriosclerosis.
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