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SUMMARY

Given the strong genetic determinants of favorable high-density
lipoprotein cholesterol (HDL-C) levels, the ability to achieve the cardio-
vascular and longevity benefits associated with this mediator of the
reverse cholesterol transport pathway through pharmaceutical inter-
vention is challenging. Niacin is still the most robust HDL-C-raising
pharmaceutical agent on the market and its use leads to elevation of
HDL-C by up to 35%. Cholesteryl ester transfer protein (CETP) and
endothelial lipase are two components of the reverse cholesterol trans-
port pathway that have become potential therapeutic targets for rais-
ing HDL-C. However, the Investigation of Lipid Level Management to
Understand its Impact in Atherosclerotic Events (ILLUMINATE) trial, a
clinical trial investigating the CETP inhibitor torcetrapib, was stopped
in December 2006 due to excess mortality in the treatment group.
Other CETP inhibitors currently under development include anace-
trapib (MK-0859), dalcetrapib (JTT-705), TA-8995, DRL-17822 and
JTT-302. An interesting alternative approach currently in phase Il
development is an investigational vaccine, known as CETi-1. CETi-T is
designed to elicit antibodies that bind to and inhibit the activity of
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CETR, thus potentially blocking the ability of the protein to transfer
cholesterol from HDL-C to low-density lipoprotein (LDL), resulting in
elevated HDL-C levels.

INTRODUCTION

Low-density lipoprotein cholesterol (LDL-C) has long been known to
be atherogenic. More recently, attention has increasingly focused on
the effects of high-density lipoprotein cholesterol (HDL-C), as it has
been clearly shown that there is an inverse relationship between
HDL-C levels and cardiovascular disease (CVD) risk (1). That being
said, the precise effects of HDL-C on health and longevity are still
being questioned. This review will highlight several important fac-
tors that determine HDL-C levels and different therapeutic strate-
gies in preclinical and clinical stages for the modulation of these fac-
tors to increase HDL-C levels (Table I).

HDL-C AND CARDIOVASCULAR HEALTH

A favorable lipid profile is strongly genetically determined. For
example, a subset of Ashkenazi Jews with exceptional longevity have
been found to have an inherited phenotype of significantly larger
HDL-C particle sizes than matched controls (2). In addition, high lev-
els of total HDL-C have been associated with longevity during
healthy aging in very old Japanese-American men (3).

Lipoproteins are diverse molecules with a range of sizes and densi-
ties. One issue of interest has been whether this heterogeneity cor-
relates with CVD risk. Epidemiological studies show that the levels of
LDL-C and HDL-C can predict variable incidences of CVD; however,
there is limited evidence relating lipoprotein subfractions and com-
posite measures of subfractions to the risk for CVD in prospective
cohort studies. HDL-C subfractions are among the new emerging
risk factors for atherosclerosis, and HDL 2b in particular has been
linked to cardiovascular risk. Mueller et al. recently examined the
utility of HDL 2b for predicting cardiovascular risk (incidence of
myocardial infarction [MI]) using a novel microfluidic device to distin-
guish HDL 2b from total HDL cholesterol (4).

Efforts to characterize the phenotype and genotype associated with
exceptional longevity in a genetically homogeneous Ashkenazi Jewish
population revealed that specific genes governing HDL particle size
underlie the inherited phenotype (2, 5). Since the controls for the
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Table I. Targets and approaches for the modulation of high-density lipoprotein
cholesterol (HDL-C) levels.

Strategy Targets

Increase Apo-Al production Apo-Al expression
Apo-Al Milano

Promote reverse cholesterol transport LXR

ABC-1 agonists

Niacin receptor HM74B agonist

Delay catabolism of HDL Endothelial lipase

Apo-Al, apolipoprotein A-l; LXR, liver X receptor; ABC-1, ATP-binding
cassette transporter 1.

centenarians had passed away, the study also examined their off-
spring and an aged-matched control group that included mostly the
spouses of the offspring or their neighbors. Blood tests were con-
ducted to determine lipoprotein and lipoprotein subclass profiles,
and particle sizes were determined by proton nuclear magnetic res-
onance (NMR). Genotyping for an isoleucine to valine substitution
variant at position 405 (1405V) of the gene for cholesteryl ester
transfer protein (CETP) was performed. The HDL and LDL particle
sizes of the offspring of the centenarians were larger than those of
the control subjects. On the basis of gender and specific lipoprotein
profile, this characteristic of HDL and LDL particle size was found to
be highly heritable (0.4-0.7) (2).

Among the centenarians in the study, cognitive capability was test-
ed using the Mini-Mental State Examination (MMSE) to determine
whether HDL-C plasma levels were related to cognitive function.
Analysis of MMSE distribution in comparison to HDL-C levels
showed that subjects with higher HDL-C plasma levels had higher
MMSE test scores, suggesting that HDL-C is protective for cognitive
function (5). A separate study involving 561 subjects of at least 85
years of age examined the link between serum lipids, cognitive
impairment and coronary artery disease (CAD). A low MMSE score
was associated with low HDL-C levels, and this association was
found even when subjects with CAD and stroke were excluded.
These results suggest that the antiaggregatory and anti-inflamma-
tory properties of HDL-C protected against cognitive impairment in
this group of centenarians (6).

The role of HDL-C in longevity, and particularly CETP as a “longevity
gene”, is not entirely straightforward. Ashkenazi Jews with excep-
tional longevity who were homozygous for the 1405V substitution
variant of CETP (the VV genotype) had lower serum CETP levels and
larger lipoprotein particle sizes (2). The calculated attributable risk
for an individual carrying the VV genotype to become one of the old-
est elderly was 18.1. However, another study investigating 256 cente-
narians and 190 controls for effects of CETP deficiency and the Tag1B
polymorphism of the CETP gene failed to show an association
between either of these genetic variations and longevity (7).

Another study involving 3,469 Japanese-American men in the
Honolulu Heart Program was conducted to examine the relationship
between longevity phenotypes and two different CETP gene variants
common in the Japanese population that are associated with
decreased levels of CETP: D442G (5.1% of the study population) and
intron 14G:A (0.5%), which are associated with decreased CETP
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activity (-35%) and increased HDL-C levels (+10% for D442G).
Among subjects with HDL-C levels > 60 mg/dL, there was a lower
prevalence of CVD-related death, independent of mutations, consis-
tent with the inverse relationship between HDL levels and coronary
heart disease (CHD). Subjects carrying CETP mutations had an
increased risk of CVD when their HDL-C values ranged from 41 to 60
mg/dL. The results of this study indicated that CETP deficiency may
be an independent risk factor for CHD. Mechanistically, CETP is a vital
component of the reverse cholesterol transport pathway, as it traffics
atherogenic lipids between HDL-C and LDL-C lipoproteins for subse-
quent return to the liver and excretion in feces. CETP may also affect
HDL-C speciation and lecithin-cholesterol acyltransferase (LCAT)
activity. In this manner, the effects of CETP deficiency on reverse cho-
lesterol transport may lead to increased CHD risk and ultimately be
more influential than HDL-C levels (8).

LINKS BETWEEN NUTRITIONAL STATUS, INFLAMMATION
AND HDL-C IN THE ELDERLY

In addition to genetic determinants, other factors, including nutri-
tional status and inflammation, may affect HDL-C levels. There is a
positive relationship between acute-phase reactants such as C-reac-
tive protein (CRP) and interleukin-6 (IL.-6) and CVD (9, 10). Several
studies have been undertaken to investigate the possible association
between these inflammatory markers and HDL-C. In studies involv-
ing elderly among the general population and hospitalized elderly
patients, HDL-C levels correlated inversely with CRP (6). In centenar-
ians, albumin, prealbumin and transferrin, which are indicative of
nutritional status, have been shown to correlate strongly and posi-
tively with levels of HDL-C and apolipoprotein A-I (Apo-Al), the
apolipoprotein present on the surface of HDL-C particles, while CRP
and IL-6 correlate inversely (7). Albumin level was found to be the
strongest predictor of HDL-C in centenarians. However, age-related
immune alteration or activation is observed in the elderly, particular-
ly the oldest elderly, and CRP and IL-6 levels are slightly increased in
centenarians, even those considered healthy. Furthermore, albumin
does not always reflect nutritional status. Therefore, in the oldest
elderly, it can be difficult to determine the independent effects of a
patient’s nutritional status or inflammation on HDL-C (6).

DYSFUNCTIONAL HDL-C

Although HDL-C exhibits strong anti-inflamsmatory properties, HDL-C
can become dysfunctional in individuals with chronic inflammatory
conditions (10). Such conditions include metabolic syndrome, lupus
erythematosus and rheumatoid arthritis. Increased levels of proin-
flammatory HDL-C have been associated with increased carotid inti-
ma-media thickness (CIMT) and an increased risk for adverse clinical
outcomes in patients with chronic kidney disease (11). Increased levels
of dysfunctional HDL-C occurred in this population without deviations
in LDL-C, HDL-C and triglyceride (TG) levels as compared to those
without dysfunctional HDL-C. Although dysfunctional HDL-C is not
routinely measured outside of research protocols, atorvastatin, LDL
apheresis and diet, along with an aerobic exercise program, have been
shown to reduce blood concentrations (12, 13).

CHOLESTEROL METABOLISM

Circulating cholesterol levels are primarily determined by hepatic
production through the HMG-CoA reductase enzyme pathway (14).
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Cholesterol localizes in cells diffusely, where it functions as a vital
nutrient to support the health of phospholipid cell membranes. A
limited amount of cholesterol is required for normal cell function; in
excess, cholesterol is incorporated into atherogenic lipoproteins
such as LDL and causes atherosclerosis. HDL functions as a sophis-
ticated regulator and inhibitor of this process by removing excess
cholesterol from tissues. The major apolipoprotein of HDL-C, Apo-Al,
exits the liver free of lipids, and acquires lipids to be converted into
an HDL particle in the plasma. The membrane transporter ATP-
binding cassette transporter 1(ABC-1) mediates the transfer of phos-
pholipids and some unesterified cholesterol from peripheral cells
into nascent, disc-shaped HDL particles (15, 16). These particles can
then accept unesterified cholesterol from other plasma lipoproteins
and cell membranes. LCAT is activated by Apo-Al and esterifies cho-
lesterol so that it can be incorporated into HDL molecules to create
a spheroidal HDL particle containing a core of cholesterol ester
(1,17,18).

There are two ways in which HDL particles dispose of their choles-
terol. The scavenger receptor SRBT binds to hepatocytes, triggering
the excretion of cholesterol into bile or recycling. Alternatively, CETP
transfers HDL particles into a very-low-density lipoprotein
(VLDL)/LDL fraction. This cholesterol can then be delivered to tis-
sues. Paradoxically, some investigators have argued that CETP-
mediated transfer of cholesterol to VLDL/LDL fractions is a
proatherogenic process (1, 18, 19). It is important to note here that
endothelial lipase is emerging as a key component in HDL-C metab-
olism. Increased endothelial lipase expression leads to a decrease in
HDL-C levels, and as endothelial lipase catalytic capacity increases,
HDL-C clearance rates increase. Aside from its role in the intracellu-
lar catabolism of reabsorbed HDL particles, endothelial lipase may
also facilitate the binding and absorption of HDL particles (20).

ROLE OF HDL-C IN REVERSING ATHEROGENESIS

HDL-C functions in an antiatherogenic manner by removing excess
lipids from the vascular wall. HDL-C has also been shown to inhibit
cytokine-induced expression of adhesion molecules by vascular
endothelial cells, resulting in decreased binding of inflammatory
cells and inhibition of atherosclerosis. For example, HDL-C inhibits
TNF-a-induced expression of E-selectin and vascular cell adhesion
molecule VCAM-1 (21). Clinically, anti-TNF-o, treatment of patients
with chronic inflammatory arthritis induced a modest but sustained
increase in serum HDL-C levels, which could have a favorable effect
on reducing cardiovascular risk in these patients (22). Other clinical
studies have shown that low HDL-C levels correlate with increased
levels of adhesion molecules (1, 18). Modified LDLs (including oxi-
dized LDL) stimulate endothelial cells to express monocyte chemo-
tactic protein (MCP-1), which attracts monocytes to the artery wall
(23). Modified LDLs also promote the differentiation of monocytes
into macrophages, which express scavenger receptors involved in
the uptake of modified LDL-C. The result is the creation of foam
cells, a characteristic feature of atherosclerosis (21). Robbesyn et al.
(24) investigated the signaling pathways involved in oxidized LDL
(oxLDL)-induced nuclear factor NF-kappa-B (NF-B) activation to
determine the mechanism of the anti-inflammatory effects of HDL-
C. The data suggested that HDL-C counteracts the proinflammatory
effects of oxLDL by inhibiting NF-kB signaling pathways through
suppression of the accumulation of reactive oxygen species (ROS) in
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cells. This antioxidant-like effects of HDL-C may be mediated through
antioxidant enzymes such as PAF acetylhydrolase or paraoxonase.

THE ANTITHROMBOTIC PROPERTIES OF HDL-C

Ml or stroke results from the formation of an occlusive intra-arterial
thrombus. Reduced blood coagulability may decrease cardiovascu-
lar risk for MI. In an observational study in 60 hypercholesterolemic
men, levels of fibrinogen and platelet aggregability were significant-
ly associated with reduced levels of antiatherogenic HDL subfraction
2 (HDL,). Another study in 132 men without a history of CVD found
that men in the highest quartile of fibrinogen had significantly lower
levels of HDL,, but not total cholesterol or HDL,, as compared to the
other three quartiles (18).

EFFECTS OF EXERCISE AND DIET ON HDL-C

An exercise level-response relationship exists between exercise and
lipoprotein levels, which suggests that the effects of exercise may
not result in significant increases in HDL-C until a certain exercise
threshold is met. Cross-sectional studies of training volumes indi-
cate that this threshold is between 24 and 32 km/week (15-20
miles/week of brisk walking or jogging) and an expenditure of
between 1200 and 2200 kcal/week. This range of energy utilization
is associated with a 2-3 mg/dL increase in HDL-C. Results from the
National Runner’s Health Study involving 8,283 men and 1,837
women showed that in men, HDL-C increases by 0.135 mg/dL/km
(0.218 mg/dL/mile) and the total cholesterol (TC):HDL-C ratio
decreases by 0.012 per km (25-27). In another study, an extensive
lipid profile was evaluated in 40 professional male cross-country
skiers, 102 professional male road cyclists and 60 healthy sedentary
male controls. HDL-C levels (mmol/L) in sedentary controls, profes-
sional skiers and professional cyclists were 1.35 + 0.27, 1.66 + 0.28
and 1.74 + 0.41, respectively (28). HDL-C levels are increased by a
diet high in saturated fat and decreased by diets high in polyunsat-
urated fat (15, 29).

STRATEGIES FOR INCREASING HDL-C

Niacin

Niacin is currently the most effective pharmaceutical agent commer-
cially available forincreasing HDL-C. In contrast to statins, which tar-
get LDL-C and can robustly lower LDL-C levels by > 50%, niacin can
increase HDL-C by up to 35% (1, 30). Niacin is the only pharmaceu-
tical lipid-lowering product that significantly reduces nonesterified
fatty acids (NEFA), resulting in a decrease in plasma VLDL/TG lev-
els. Accordingly, there tends to be a strong negative correlation
between TG and HDL-C concentration. Niacin can also stimulate
cholesterol efflux from macrophages to primary HDL acceptors via
the ABC-1 membrane transporter. In APOE*3Leiden mice expressing
a human CETP transgene (APOE*3Leiden.CETP mice), niacin
increased HDL-C through reduced CETP activity, decreased hepatic
expression of CETP and reduced plasma CETP levels. Conco-
mitantly, niacin increased HDL-C levels and HDL-C particle size, and
decreased the clearance of Apo-Al from plasma (31).

In a double-blind, randomized, placebo-controlled study (ARBITER
2) of patients with CHD and low levels of HDL-C (HDL-C < 45
mg/dL), patients were given 1000 mg of once-daily extended-
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release niacin in addition to statin therapy (32). Changes in CIMT
were used as a surrogate cardiovascular endpoint to monitor the
effects of lipid-lowering therapy (33). CIMT and HDL-C levels were
evaluated after 1year. After 1year, HDL-C levels increased from 39 +
7 mg/dL to 47 + 16 mg/dL (21%) in the niacin group but were
unchanged in the placebo group. TG levels were also decreased sig-
nificantly in the niacin group. Mean CIMT increased significantly in
the placebo group (0.044 + 0.100 mm; P < 0.001) and was
unchanged in the niacin group (0.014 + 0.104 mm; P = 0.23). The
study investigators concluded that adding extended-release niacin
to statin therapy counters the progression of atherosclerosis in
patients with known CHD and moderately low HDL-C. The patients
receiving niacin also likely benefited from the reduction in TG, as well
as the increase in HDL-C. There was a nonsignificant trend towards
a lower cardiovascular event rate in the niacin group, which was con-
sistent with the results of both the Cholesterol Lowering
Atherosclerosis Study (CLAS) and the HDL-Atherosclerosis Treat-
ment Study (HATS), in which slower rates of atherosclerosis progres-
sion were associated with lower cardiovascular event rates when
niacin was used along with statin. It should be noted that the results
of the ARBITER 2 study (lipid and CIMT) can only be generalized to
the dose and preparation of niacin studied (extended-release, 1000
mg/day), and that a dose of 2000 mg/day has been shown to have
a more robust effect on lipids than lower doses. Also, the T1000-mg
niacin dose is much lower than the 2-4 g/day used for the HATS (34).

Statins

Statins elevate HDL-C levels by 5-15%. This effect is dependent on
the statin and is observed at low doses. Higher doses do not elevate
HDL levels more than low-dose therapy with 20 mg/day (35).
Atorvastatin and pravastatin increase the levels of large- and medi-
um-sized HDL particles. Evidence from type lla hyperlipidemic
patients treated with atorvastatin has shown that statins exert
antioxidant effects through enzymes associated with HDL-C.
Patients with CHD treated with simvastatin 40 mg/day for 4 weeks
exhibited enhanced HDL functionality leading to enhanced anti-
inflammatory characteristics (1). In type 2 diabetic subjects carrying
the CETP TaqIB polymorphism, increased HDL-C (+7.2%) after ator-
vastatin treatment correlated with a reduction in CETP mass (-32%).

The relationship between HDL-C levels and CETP has also been
studied in animal models. Dietary supplementation with atorvas-
tatin (0.01%) reduced plasma cholesterol in APOE*3Leiden and
APOE*3Leiden.CETP mice (-26% and —33%, respectively; P < 0.05),
whereas HDL-C was increased only in APOE*3Leiden.CETP mice
(+52%). In APOE*3Leiden.CETP mice, atorvastatin also decreased
hepatic CETP mRNA expression (-57%; P < 0.01), total CETP (-29%)
and cholesteryl ester (CE) transfer activity (-36%; P < 0.05) in
plasma. Thus, in APOE*3Leiden.CETP mice, HDL-C is increased by
atorvastatin through inhibition of hepatic CETP expression and
reduction of CETP-dependent transfer of cholesterol from HDL to
VLDL (35).

Fibrates

Fibrates have been shown to increase HDL-C levels, albeit not as
much as niacin. Fibrates also decrease plasma levels of TG by
as much as 48% and increase CE transfer activity. In type 2 diabetics
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and hypertriglyceridemic patients, fenofibrate, bezafibrate and gem-
fibrozil all preferentially increased the number of small- and/or
medium-sized HDL particles. In hypertriglyceridemic patients, the
increase in small HDL particles was as high as +168%. The Veterans
Affairs High-Density Lipoprotein Intervention Trial (VA-HIT) identi-
fied a link between plasma levels of small HDL,-C and cardiovascu-
lar risk in insulin-resistant patients treated with gemfibrozil. Thus,
fibrates may improve the function of small, dense HDL particles, as
well as increase HDL-C levels in plasma (1).

The effects of fenofibrate have also been studied in APOE*3Leiden
mice with and without the CETP transgene. Dietary supplementa-
tion with fenofibrate (0.04%) had no affect on HDL-C in mice that
did not carry the transgene, while in APOE*3Leiden.CETP mice,
fenofibrate dose-dependently increased HDL-C (as much as +91%),
and reduced hepatic CETP mRNA (-72%; P < 0.01) and CE transfer
activity in plasma (=73%; P < 0.07). Similar to statins, fenofibrate
increased HDL-C by reducing CETP-dependent transfer of choles-
terol from HDL-C to LDL-C (36).

CETP inhibitors

CETP inhibitors represent one of the more compelling therapeutic
agents in the modification of CVD risk, as they have been shown to
achieve dose-dependent HDL-C increases of up to 100%. Torcetrapib
was the first CETP inhibitor studied in a large-scale, prospective,
placebo-controlled interventional trial (ILLUMINATE). However, the
trial was stopped before completion in December 2006 due to
excess mortality in the group of patients treated with torcetrapib
(37). In the Rating Atherosclerotic Disease by Imaging with a New
CETP Inhibitor (RADIANCE 1) study, CIMT was increased by treat-
ment with torcetrapib plus atorvastatin as compared to atorvastatin
alone (0.0076 + 0.0011 mm/year vs. 0.0025 + 0.0011 mm/year,
respectively; P = 0.0014) (38, 39). In the ILLUMINATE trial, patients
treated with torcetrapib experienced a 72% increase in HDL-C and a
25% drop in LDL-C. Off-target toxicity led to a 40% increase in car-
diovascular mortality, 25% increase in the rate of fatal and nonfatal
cardiovascular events, and a 100% increase in noncardiovascular
deaths in the group treated with torcetrapib (40).

After the ILLUMINATE study was terminated, new data indicated
that torcetrapib treatment was linked to an increase in aldosterone
levels and changes in serum electrolytes, which suggested miner-
alocorticoid excess, and elevated blood pressure (mean rise in sys-
tolic blood pressure of 5.4 mmHg) (37). Mineralcorticoid receptors
on the principal cells of the distal tubule of the nephron are activat-
ed by aldosterone produced in the adrenal gland. Activation of these
receptors induces an increase in sodium and bicarbonate reabsorp-
tion, along with an increase in potassium excretion, resulting in
increased plasma volume. This mineralocorticoid-based explanation
for the adverse effects of torcetrapib is supported by the observation
that lower potassium levels correlated with increased systolic blood
pressure after torcetrapib administration. Moreover, mineralocorti-
coid hormones have proatherogenic effects that are not entirely due
to effects on blood pressure. For example, aldosterone causes arte-
rial stiffening through collagen deposition in the extracellular
matrix, which may explain the increase in CIMT in the torcetrapib
group (38, 41).
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Another theory to explain the increase in CIMT observed in the torce-
trapib group of the ILLUMINATE study is dysfunctional regulation of
HDL-C by torcetrapib. Data on the relationship of CETP deficiency
due to genetic polymorphisms to atherosclerosis are not clear. Some
studies have demonstrated a decrease in atherosclerotic disease,
while others have demonstrated an increased propensity. In con-
trast, partial inhibition should result in functional HDL particles (42).

Anacetrapib, a newer CETP inhibitor, increased HDL-C levels up to
129% in patients with dyslipidemia when administered at a dose of
300 mg/day. In a phase | clinical study, anacetrapib reduced LDL-C
levels by up to 38%, without the harmful effects on blood pressure
seen with torcetrapib (37).

In @ randomized, double-blind, placebo-controlled phase Il dose-
response trial, the efficacy and safety of daily treatment with 300,
600 and 900 mg of dalcetrapib in 198 patients with mild hyperlipid-
emia were assessed. Treatment with 900 mg dalcetrapib for 4 weeks
resulted in a 37% decrease in CETP activity (P < 0.0001), a 34%
increase in HDL-C (P < 0.0001) and a 7% decrease in LDL-C
(P = 0.017). For doses up to 900 mg dalcetrapib, there were no
changes in body mass index, waist circumference or blood pressure,
and no signs of hepatotoxic or nephrotoxic effects. Dalcetrapib may
have a mild effect on the gastrointestinal system. Diarrhea occurred
in 5, 4, 3 and 2 individuals, respectively, in the 900-mg, 600-mg,
300-mg and placebo groups, and flatulence occurred in 2, 2, 3 and
1 individuals, respectively. After 4 weeks of treatment with dal-
cetrapib, the 900-mg dose was associated with a higher frequency
of gastrointestinal complaints, but the association was not signifi-
cant (43, 44).

Dalcetrapib in combination with pravastatin has been studied in a
randomized, double-blind, placebo-controlled trial involving 152
subjects with LDL-C > 160 mg/dL. Patients were given either pravas-
tatin 40 mg and placebo, pravastatin 40 mg and dalcetrapib 300
mg or pravastatin 40 mg and dalcetrapib 600 mg. After 4 weeks,
the group receiving dalcetrapib 600 mg plus pravastatin exhibited a
30% decrease from baseline in CETP activity and a 28% increase
from baseline in HDL-C. LDL-C levels were also decreased by 5%
from baseline in this study arm. Dalcetrapib 300 mg plus pravas-
tatin resulted in a decrease in CETP activity of about 16% and an
increase in HDL-C of about 14% after 4 weeks (45).

The issue of whether CETP inhibition in humans downregulates
atherosclerosis and reduces the risk for CVD events is far from set-
tled, and results from phase lll clinical trials using dalcetrapib and
anacetrapib are greatly anticipated. The mechanism of HDL ele-

Table Il. CETP inhibitors in development.
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vation through CETP, which is a vital component of the reverse cho-
lesterol transport process, is a concern with these therapeutic
agents. By comparison, niacin possesses a robust ability to increase
HDL-C and has other beneficial effects on fatty acid metabolism as
well. As such, it remains a safe and useful agent for individuals with
suboptimal HDL-C, particularly those with insulin resistance or at
high CVD risk already taking a statin or other lipid-lowering drug
(46).

Other CETP inhibitors, including TA-8995 and DRL-17822, are cur-
rently in development (see Table Il). DRL-17822, a selective inhibitor
of CETP, is being evaluated for the treatment of dyslipidemia,
atherosclerosis and associated CVD. This compound elicits a strong
response in animals, where it elevates HDL-C and reduces athero-
sclerotic plaques, and has a clean safety profile in preclinical studies
(46).

Overall, CETP inhibitors seem to be the most promising in terms of
magnitude of response. The goal of HDL-C-raising strategies in
combination with effective statins is a further reduction in CVD mor-
bidity and mortality as compared to statin monotherapy (46).
Torcetrapib substantially increases HDL-C levels (up to 106%) alone
or in combination with atorvastatin, although the safety profile did
not favor advancing torcetrapib. CETi-1is an investigational vaccine
in phase Il development designed to elicit antibodies that bind to
and inhibit the activity of CETP (47). This therapeutic approach has
been in clinical development for some time.

Endothelial lipase inhibitors

Endothelial lipase is an HDL-degrading enzyme that is activated by
inflammation, the expression of which is induced by inflammatory
cytokines (20, 48, 49). HDL hydrolysis by endothelial lipase activates
peroxisome proliferator-activated receptors (PPARs), suggestive of a
potential mechanism by which HDL limits leukocyte adhesion to
endothelial and vascular inflammation sites. PPAR activation is
somewhat selective for PPARa, and the effects are most pronounced
with HDL-C as a substrate, as compared to LDL-C and VLDL-C (48).

Metabolic syndrome can be characterized as a chronic inflammato-
ry condition. Elevated plasma endothelial lipase mass has been
found in patients with metabolic syndrome compared to normal
controls, and increased plasma concentrations of endothelial lipase
were found in individuals with high inflammatory markers (20).
Endothelial lipase has also been linked to atherosclerosis. An
increase in endothelial lipase mass has been associated with coro-
nary artery calcification, a measure of subclinical atherosclerosis in

Drug Company CETP-related Phase Comments

Torcetrapib* Pfizer CETP inhibitor I Discontinued due to prohypertensive side effects seen in phase I, lll trials
Atorvastatin Pfizer Statin 1 Modest increase in HDL-C levels

Dalcetrapib Roche CETP inhibitor Il Lower potency compared to torcetrapib

CETi-1 Avant CETP vaccine Il Biological therapy; lack of potency may limit its market

BAY-60-5521 Bayer CETP inhibitor | Limited information

*Discontinued due to adverse events in phase Ill. CETP, cholesteryl ester transfer protein; HDL-C, high-density lipoprotein cholesterol.
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humans. Pathological sectioning of human coronary arteries has
revealed endothelial lipase in atheromatous plaques. Endothelial
lipase expression has been observed in macrophages and smooth
muscle cells as well. In rats with hypertension, HDL-C levels were
greatly reduced as compared to controls in the aorta, heart and
lungs. Importantly, all NCEP ATP lll-defined metabolic syndrome
factors (all of which are risk factors for atherosclerosis) correlate with
endothelial lipase concentration in both pre- and post-heparin plas-
ma.

Two studies have examined the role of endothelial lipase in athero-
sclerosis in mouse models, although the results of these studies are
somewhat conflicting. In one study, endothelial lipase/Apo-E double
knockout mice were compared to Apo-E knockout mice.
Atherosclerotic development was assessed by measuring lesions at
the root of the aortic arch. After 12 weeks on a high-fat diet,
decreased atherosclerotic lesions were found in endothelial
lipase/Apo-E knockout mice as compared to the controls. This differ-
ence was only found in the males fed a high-fat diet. Another study
examined the effect of endothelial lipase deficiency in an Apo-E-
deficient/LDL receptor-deficient background. Mice were fed a high-
fat diet for 18 weeks. No significant difference in the level of athero-
sclerosis between the endothelial lipase knockout mice and the
control animals was found (20).

CONCLUSIONS

HDL-C modulates lipid metabolism and the process of atherosclero-
sis through a variety of pathways. These include reverse cholesterol
transport and anti-inflammatory and antioxidant effects. HDL-C was
found to be a more important risk predictor for CVD than LDL-C, total
cholesterol or TG in the Framingham Heart Study. The ability of CETP
inhibitors such as anacetrapib and dalcetrapib, currently in clinical
development, to downregulate atherosclerosis and reduce CVD risk
with an acceptable safety profile has yet to be demonstrated. These
trials follow the failure of the first CETP inhibitor, torcetrapib, admin-
istered in combination with statin, due to off-target toxicity linked to
mineralocorticoid excess. Exciting progress is being made in the
development of endothelial lipase inhibitors and atherosclerosis.

ACKNOWLEDGMENTS

The authors wish to thank S. Goetz for her assistance with the prepa-
ration of this manuscript.

DISCLOSURES

The authors state no conflicts of interest.

REFERENCES

1. Kontush, A., Chapman, M.J. Functionally defective high-density lipopro-
tein: A new therapeutic target at the crossroads of dyslipidemia, inflamma-
tion, and atherosclerosis. Pharmacol Rev 2006, 58(3): 342-74.

2. Atzmon, G., Rincon, M., Rabizadeh, P. et al. Biological evidence for inher-
itance of exceptional longevity. Mech Ageing Dev 2005, 126(2): 341-5.

3. Koropatnick, T.A., Kimbell, J., Chen, R. et al. A prospective study of high-
density lipoprotein cholesterol, cholesteryl ester transfer protein gene vari-
ants, and healthy aging in very old Japanese-American men. J Gerontol A
Biol Sci Med Sci 2008, 63(11): 1235-40.

38

~

4.

15.

16.

7.

18.

19.

20.

21

22.

23.

S.S. Mousa, R.C. Block and S.A. Mousa

. Mueller, O., Chang, E., Deng, D. et al. PROCAM Study: Risk prediction for

myocardial infarction using microfluidic high-density lipoprotein (HDL)
subfractionation is independent of HDL cholesterol. Clin Chem Lab Med
2008, 46(4): 490-8.

. Atzmon, G. Plasma HDL levels highly correlate with cognitive function in

exceptional longevity. J Gerontol A Biol Sci Med Sci 2002, 57: M712-5.

. Arai, Y., Hirose, N. Aging and HDL metabolism in elderly people more than

100 years old. J Atheroscler Thromb 2004, 11(5): 246-52.

Arai, Y., Hirose, N., Nakazawa, S. et al. Lipoprotein metabolism in
Japanese centenarians - Effects of apolipoprotein E polymorphism and
nutritional status. J Am Geriatr Soc 2001, 49(11): 1434-41.

. Zhong, S., Sharp, D.S., Crove, J.S., Bruce, C., Yano, K., Curb, J.D., Tall,

A.R. Increased coronary heart disease in Japanese-American men with
mutation in the cholesteryl ester transfer protein gene despite increased
HDL levels. J Clin Invest 1996, 97(12): 2917-23.

. Harris, T.B., Ferrucci, L., Tracy, R.P. et al. Associations of elevated inter-

leukin-6 and C-reactive protein levels with mortality in the elderly. Am J
Med 1999, 106(5): 506-12.

. Ross, R. Atherosclerosis—An inflammatory disease. N Engl J Med 1999,

340(2): 115-26.

. Kalantar-Zadeh, K., Kopple, J.D., Kamranpour, N., Fogelman, A.M.,,

Navab, M. HDL-inflammatory index correlates with poor outcome in
hemodialysis patients. Kidney Int 2007, 72(9): 1149-56.

. Feng, H., Li, X.A. Dysfunctional high-density lipoprotein. Curr Opin

Endocrinol Diabetes Obes 2009, 16(2): 156-62.

. Navab, M., Reddy, ST, Van Lenten, B.J., Anantharamaiah, G.M.,

Fogelman, A.M. The role of dysfunctional HDL in atherosclerosis. J Lipid
Res 2009, 50(Suppl.): S145-9.

Ferrieres, J. Effects on coronary atherosclerosis by targeting low-density
lipoprotein cholesterol with statins. Am J Cardiovasc Drugs 2009, 9(2):
109-15.

Duffy, D., Rader, D.J. Emerging therapies targeting high-density lipopro-
tein metabolism and reverse cholesterol transport. Circulation 2006,
113(8): 1140-50.

Wang, N., Tall, A.R. Regulation and mechanisms of ATP-binding cassette
transporter Al-mediated cellular cholesterol efflux. Arterioscler Thromb
Vasc Biol 2003, 23(7): 1178-84.

Barter, P. Metabolic abnormalities: High-density lipoproteins. Endocrinol
Metab Clin North Am 2004, 33(2): 393-403.

Barter, P. The role of HDL-cholesterol in preventing atherosclerotic disease.
Eur Heart J Suppl 2005, 7: F4-8.

Barter, P.J., Kastelein, J.J. Targeting cholesteryl ester transfer protein for the
prevention and management of cardiovascular disease. J Am Coll Cardiol
20086, 47(3): 492-9.

DeSantis, P, Coleman, T., Schiekofer, S., Nawroth, P., Schlimmer, P,
Schneider, J. Endothelial lipase: A key player in HDL metabolism modu-
lates inflammation and atherosclerotic risk. Mini Rev Med Chem 2008,
8(6): 619-27.

Barter, P.J., Nicholls, S., Rye, K.A., Anantharamaiah, G.M., Navab, M.,
Fogelman, A.M. Antiinflammatory properties of HDL. Circ Res 2004,
95(8): 764-72.

Spanakis, E., Sidiropoulos, P., Papadakis, J. et al. Modest but sustained
increase of serum high density lipoprotein cholesterol levels in patients with
inflammatory arthritides treated with infliximab. J Rheumatol 2006,
33(12): 2440-6.

Silva, A.R., Pacheco, P., Vieira-de-Abreu, A. et al. Lipid bodies in oxidized
LDL-induced foam cells are leukotriene-synthesizing organelles: A MCP-
1/CCL2 regulated phenomenon. Biochim Biophys Acta 2009, 1791(11):
1066-75.

THOMSON REUTERS - Drugs of the Future 2010, 35(1)



S.S. Mousa, R.C. Block and S.A. Mousa

24.

25.

26.

27.

28.

29.

30.

3.

32.

33.

34.

35.

36.

Robbesyn, F., Garcia, V., Auge, N. et al. HDL counterbalance the proin-
flammatory effect of oxidized LDL by inhibiting intracellular reactive oxygen
species rise, proteasome activation, and subsequent NF-kappaB activation
in smooth muscle cells. FASEB J 2003, 17(6): 743-5.

Williams, PT. Relationship of distance run per week to coronary heart dis-
ease risk factors in 8283 male runners. The National Runners’ Health
Study. Arch Intern Med 1997, 157(2): 191-8.

Durstine, J.L., Grandjean, PW., Davis, P.G., Ferguson, M.A., Alderson,
N.L., DuBose, K.D. Blood lipid and lipoprotein adaptations to exercise: A
quantitative analysis. Sports Med 2001, 31(15): 1033-62.

Williams, PT. High-density lipoprotein cholesterol and other risk factors for
coronary heart disease in female runners. N Engl J Med 1996, 334(20):
1298-303.

Lippi, G., Schena, F., Salvagno, G., Montagnana, M., Ballestrieri, F., Guidi,
G. Comparison of the lipid profile and lipoprotein(a) between sedentary and
highly trained subjects. Clin Chem Lab Med 2006, 44(3): 322-6.

Lichtenstein, A.H. Dietary fat and cardiovascular disease risk: Quantity or
quality? J Womens Health 2003, 12(2): 109-14.

Rosenson, R.S. Antiatherothrombotic effects of nicotinic acid.
Atherosclerosis 2003, 171(1): 87-96.

van der Hoorn, JW., de Haan, W., Berbee, J.F., Havekes, L.M., Jukema,
JW., Rensen, P.C., Princen, H.M. Niacin increases HDL by reducing hepat-
ic expression and plasma levels of cholesteryl ester transfer protein in
APOE*3Leiden.CETP mice. Arterioscler Thromb Vasc Biol 2008, 28(11):
2016-22.

Bays, H. Review of ARBITER 2: Extended-release niacin added to statin
therapy slows the progression of atherosclerosis. Commentary. Postgrad
Med 2009, 121(2): 195-8.

Miyauchi, K., Takaya, N., Hirose, T. et al. Rationale and design of the
carotid plaque in human for all evaluations with aggressive rosuvastatin
therapy (CHALLENGER trial): Evaluation by magnetic resonance imaging.
Circ J 2009, 73(1): TM-5.

Taylor, A.J., Sullenberger, L.E., Lee, H.J., Lee, J.K., Grace, K.A. Arterial
Biology for the Investigation of the Treatment Effects of Reducing
Cholesterol (ARBITER) 2: A double-blind, placebo-controlled study of
extended-release niacin on atherosclerosis progression in secondary pre-
vention patients treated with statins. Circulation 2004, 110(23): 3512-7.

de Haan, W., van der Hoogt, C.C., Westerterp, M. et al. Atorvastatin
increases HDL cholesterol by reducing CETP expression in cholesterol-fed
APOE*3-Leiden.CETP mice. Atherosclerosis 2008, 197(1): 57-63.

van der Hoogt, C.C., de Haan, W., Westerterp, M. et al. Fenofibrate
increases HDL-cholesterol by reducing cholesteryl ester transfer protein
expression. J Lipid Res 2007, 48(8): 1763-71.

THOMSON REUTERS - Drugs of the Future 2010, 35(1)

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

HICGH-DENSITY LIPOPROTEIN MODULATION TARGETS

Kontush, A., Guerin, M., Chapman, M.J. Spotlight on HDL-raising thera-
pies: Insights from the torcetrapib trials. Nat Clin Pract Cardiovasc Med
2008, 5(6): 329-36.

Vergeer, M., Bots, M.L., Van Leuven, S. et al. Cholesteryl ester transfer pro-
tein inhibitor torcetrapib and off-target toxicity: A pooled analysis of the
Rating Atherosclerotic Disease Change by Imaging With a New CETP
Inhibitor (RADIANCE) trials. Circulation 2008, 118(24): 2515-22.

Kastelein, J.J., van Leuven, S.I., Burgess, L. et al. Effect of torcetrapib on
carotid atherosclerosis in familial hypercholesterolemia. N Engl J Med
2007, 356(16): 1620-30.

Barter, P.J., Caulfield, M., Eriksson, M. et al. Effects of torcetrapib in
patients at high risk for coronary events. N Engl J Med 2007, 357(21):
2109-22.

Forrest, M.J., Bloomfield, D., Briscoe, R.J. et al. Torcetrapib-induced blood
pressure elevation is independent of CETP inhibition and is accompanied
by increased circulating levels of aldosterone. Br J Pharmacol 2008,
154(7): 1465-73.

Nissen, S., Tardif, J.C., Nicholls, S. et al. Effect of torcetrapib on the pro-
gression of coronary atherosclerosis. N Engl J Med 2007, 356(13): 1304-16.

Barter, P.J., Brewer, H.B. Jr., Chapman, M.J., Hennekens, C.H., Rader, D.J.,
Tall, A.R. Cholesteryl ester transfer protein: A novel target for raising HDL
and inhibiting atherosclerosis. Arterioscler Thromb Vasc Biol 2003, 23(2):
160-7.

Grooth, G.J., Kuivenhoven, J.A., Stalenhoef, A.F. et al. Efficacy and safety
of a novel cholesteryl ester transfer protein inhibitor JTT-705, in humans: A
randomized phase Il dose-response study. Circulation 2002, 105(18):
2159-65.

Kuivenhoven, J.A., de Grooth, G.J., Kawamura, H., Klerkx, A.H., Wilhelm,
F., Trip, M.D., Kastelein, J.J. Effectiveness of inhibition of cholesteryl ester
transfer protein by JTT-705 in combination with pravastatin in type Il dys-
lipidemia. Am J Cardiol 2005, 95(9): 1085-8.

Athyros, V.C., Mikhailidis, D.P., Kakafika, A.l. et al. Identifying and attain-
ing LDL-C goals: Mission accomplished? Next target: New therapeutic
options to raise HDL-C levels. Curr Drug Targets 2007, 8(3): 483-8.
Komori, T. CETi-1. AVANT. Curr Opin Investig Drugs 2004, 5(3): 334-8.
Ahmed, W., Orasanu, G., Nehra, V., Asatryan, L., Rader, D., Ziouzenkova,
0., Plutzky, J. High-density lipoprotein hydrolysis by endothelial lipase acti-
vates PPAR c. Circulation Research 2006, 98(4): 490-8.

Jin, W., Sun, G.S., Marchadier, D., Octtaviani, E., Glick, J.M., Rader, D.J.
Endothelial cells secrete triglyceride lipase and phospholipase activities in
responce to cytokines as a result of endothelial lipase. Circ Res. 2003,
92(6): 644-50.

39



