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Abstract Epidemiological, clinical, and experimental

evidence has accumulated during the last decades sug-

gesting that high-density lipoproteins (HDLs) may protect

from atherosclerosis and its clinical consequences. How-

ever, more than 55 years after the first description of the

link between HDL and heart attacks, many facets of the

biochemistry, function, and clinical significance of HDL

remain enigmatic. This applies particularly to the com-

pletely unexpected results that became available from some

recent clinical trials of nicotinic acid and of inhibitors of

cholesteryl ester transfer protein (CETP). The concept that

raising HDL cholesterol by pharmacological means would

decrease the risk of vascular disease has therefore been

challenged.

1 Early History, the High-Density Lipoprotein (HDL)

Hypothesis and the Enigma

In 1988, Paul Williams at the Donner Laboratory, Uni-

versity of California, Berkeley, USA, recovered a dusty

stack of punch cards. The cards contained data from the

Livermore cohort study that had been started by John

Gofman (Fig. 1) between 1954 and 1956. Along with

Howard Eder and colleagues [1], Gofman was among

the first to recognize that low concentrations of high-

density lipoproteins (HDLs) are associated with a high

risk of coronary disease, and he wished to further sub-

stantiate the findings in a prospective fashion [2]. In

1966, Gofman published the first results of his study [3],

but these became buried into near oblivion and it took

more than a decade before the HDL hypothesis was ‘re-

invented’ [4].

Williams restored Gofman’s data using an old-fash-

ioned punch card machine and succeeded in retrieving

the clinical history of more than 97 % of the 1,905 men

who were studied originally. Over an observation period

of 29 years, a total of 363 incidents due to coronary

heart disease had occurred and indeed, both HDL2 and

HDL3 turned out to be inversely associated with coro-

nary risk [5]. However, today, more than 55 years after

the first description of the link between HDL and heart

attacks, many facets of the biochemistry, function, and

clinical significance of HDL remain enigmatic. This

applies particularly to the completely unexpected,

basically neutral, results that recently became available

from clinical trials. We here embody our view of why

trialists have unavailingly spent a fortune on the

hypothesis that merely raising the steady-state concen-

trations of HDL cholesterol (HDL-C) would yield

clinical benefit.
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2 Nicotinic Acid and the GPR109A Receptor

Of the conventional lipid drugs, it is primarily the fibrates and

nicotinic acid that raise HDL-C, and both of these agents

reduce cardiovascular endpoints [6, 7]. However, fibrates and

nicotinic acid also reduce the levels of triglycerides and low-

density lipoprotein cholesterol (LDL-C), and it is therefore

not possible to draw any definite conclusions on the clinical

benefit attributable to the rise in HDL-C alone. The evaluation

of nicotinic acid has also grown more complex than originally

conceived, since commonly accepted assumptions on its

mechanism of action have been proved wrong. It was thought

that nicotinic acid inhibits lipolysis by binding to the G pro-

tein-coupled receptor GPR109A, the decreased availability of

free fatty acids consequentially limiting the formation of very

low-density lipoproteins (VLDLs) and LDL. Recently, La-

uring and colleagues [8], showed that, while GPR109A is

involved in the inhibition of lipolysis (and the occurrence of

the well known troublesome flushes), it does not mediate the

effects on lipoproteins. Beyond its lipid-modifying effects,

nicotinic acid does have anti-inflammatory actions that are

mediated at least in part by GPR109A [9, 10].

3 Two Trials of Nicotinic Acid: AIM-HIGH and HPS2-

THRIVE

Recent efforts to re-evaluate nicotinic acid had been

prompted by the results of the Coronary Drug Project and

other smaller studies. In the Coronary Drug Project, nico-

tinic acid decreased the incidence rate of myocardial

infarction, but no reduction in mortality was observed

within the study period. However, after 15 years, the

overall mortality in the group that had originally received

nicotinic acid was significantly lower than in the placebo

group [11]. A meta-analysis of randomized trials with

nicotinic acid (usually without concomitant statin dose)

reported a reduction in coronary events by 25 %, stroke by

26 %, and any cardiovascular events by 27 % by nicotinic

acid [7]. Another meta-analysis of 11 studies, mainly of

secondary prevention and also including the AIM-HIGH

also showed a reduction in cardiovascular endpoints by

34 % and coronary endpoints by 25 % by nicotinic acid

[12].

In view of the complex and pleiotropic actions of nic-

otinic acid, it would be illogical to consider the ‘ineffi-

ciency’ of nicotinic acid in the recently completed AIM-

HIGH trial as an argument against the clinical value of

modifying HDL-C in general. In the AIM-HIGH trial,

extended-release niacin (1,500 daily to 2,000 mg) was

compared with a small and non-lipid-efficacious dose of

nicotinic acid in 3,414 patients with cardiovascular disease

who received simvastatin with or without ezetimibe to

titrate LDL-C to 40 to 80 mg/dl (3.1–7.2 mmol/l). The

study was stopped early after 3 years, because an interim

analysis indicated that continuation would have been

unlikely to yield a difference between the two arms of the

study. At the end of treatment, event rates were similar in

Fig. 1 John Gofman in front of an analytical ultracentrifuge at the Donner Laboratory, University of California, Berkeley, USA (approximately

1948)
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the two groups. The LDL-C concentration had further

decreased by 12 % in the niacin group and by 5.5 % in the

placebo group, corresponding to an absolute difference in

LDL-C during follow-up of approximately 5 mg/dl

(0.13 mmol/l) between the two treatment arms. HDL-C

only differed by 7 mg/dl (0.18 mmol/l). These differences

were probably too small to have a significant effect on

cardiovascular endpoints [13]. Moreover, it was speculated

that the small amounts of nicotinic acid given in the control

group (for provoking flush and to facilitate blinding) may

have already elicited positive cardiovascular effects

(unrelated to lipids). Thus the AIM-HIGH trial was in

reality not a placebo-controlled trial but rather a compari-

son of a low-dose with a high-dose of nicotinic acid where

the ‘placebo’ group might have received a dose of nicotinic

acid sufficiently large enough to affect the well-being of

the patient, independent of lipoproteins, including HDL.

The Heart Protection Study 2-Treatment of HDL to

Reduce the Incidence of Vascular Events (HPS2-THRIVE)

enrolled 25,673 men and women with vascular disease

(over 8,000 of these are from the UK with close to 11,000

from China, and 6,500 from Scandinavia). In that study, the

combination of a statin (plus optionally ezetimibe) and

extended-release niacin in a fixed combination with laro-

piprant, an anti-flushing agent (Tredaptive�), was com-

pared with statin (plus optionally ezetimibe) therapy alone.

The preliminary HPS2-THRIVE results made public on 20

December 2012 show that, when added to an effective

statin-based treatment, the combination of extended-release

niacin and laropiprant did not produce clinically mean-

ingful reductions in the rate of major vascular events (such

as heart attacks, strokes, or revascularizations) after a

median follow-up of 3.9 years. It should be noted that

baseline lipoprotein concentrations in this trial were in a

range that would not have prompted clinicians to com-

mence additional lipid-lowering drugs: total cholesterol

128 mg/dl (3.32 mmol/l), LDL-C 63 mg/dl (1.64 mmol/l),

HDL-C 44 mg/dl (1.14 mmol/l), triglycerides 125 mg/dl

(1.43 mmol/l).

There was also a statistically significant increase in the

incidence of some types of non-fatal serious adverse events

in the group that received niacin/laropiprant. While this

indication of harm needs further scrutiny in relation to the

known issues with niacin treatment, once the final and

detailed results are available, the question whether the

failure of HPS2-THRIVE was due to any off-target effects

of laropiprant with niacin will ultimately be hard to

resolve. It would further be interesting to see if patients

with very low HDL-C had any clinical benefit. In our

opinion, the results of HPS2-THRIVE most likely reflect

that (i) it is and will be hard anyway to demonstrate

additional improvement in outcomes once LDL-C is well

controlled and that (ii) HDLs might lose their cardio-

protective functions in patients who have advanced ath-

erosclerosis (see below). The results of HPS2-THRIVE

available as of this writing bear two other incidental, but

potentially interesting, aspects. First, 13,542 patients

received monotherapy with simvastatin and 12,131 patients

required combination therapy simvastatin/ezetimibe. The

combination therapy lowered LDL-C by 4 mg/dl

(0.10 mmol/l) over monotherapy. This can be expected to

result in a relative reduction of the incidence rate of major

vascular events by no more than 2 %. [14] Actually, 14 %

of the study participants had an event with simvastatin

alone, compared with 12.8 % with simvastatin/ezetimibe

(relative risk reduction 8.6 %, p = 0.008 by v2 test), sug-

gesting that the lowering of LDL-C attributable to eze-

timibe is biologically at least equivalent to that produced

by statins [14]. Second, there was a statistically significant

interaction between LDL-C at baseline and the effect of

niacin/laropiprant, suggesting that niacin/laropiprant might

have been effective if starting LDL-C had been higher.

4 Inhibitors of the Cholesteryl Ester Transfer Protein

(CETP)

Far more effective in raising HDL-C than either nicotinic

acid or fibrates are inhibitors of the cholesteryl ester

transfer protein (CETP). CETP is a hydrophobic glyco-

protein that mediates the transfer of cholesteryl esters from

HDL to VLDL and LDL in exchange for triglycerides [15].

As a consequence, CETP decreases HDL-C, and cho-

lesteryl esters delivered to LDL are subsequently and

mainly passed to the liver [16]. This illustrates that not only

HDL but also CETP and LDL may be important links in

the transport of cholesterol from peripheral tissues to the

liver (reverse cholesterol transport). At least theoretically,

inhibiting CETP may thus compromise rather than accel-

erate reverse cholesterol transport despite raising HDL-C.

In recent years, four CETP inhibitors have been tested

clinically (torcetrapib, dalcetrapib, anacetrapib [17, 18],

and evacetrapib [19]). The development of torcetrapib [20]

was terminated in 2006 because it significantly increased

both total mortality and cardiovascular mortality in a ran-

domized phase III clinical trial (ILLUMINATE [Investi-

gation of Lipid Level Management to Understand Its

Impact in Atherosclerotic Events]) [20]. In smaller studies,

torcetrapib consistently also had no protective effects on

surrogate cardiovascular endpoints [21–23]. However,

doubts about CETP inhibition as a treatment approach were

rapidly dispelled after it turned out that torcetrapib stimu-

lated the formation of aldosterone and raised blood pres-

sure [24, 25], independent of the lipid effects. Unlike

torcetrapib, dalcetrapib has so far been considered to leave

blood pressure unaffected, and there was hope that
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dalcetrapib would reduce clinical events. Faint skepticism

emerged after the results of two small studies primarily

addressing the safety of dalcetrapib became available:

dalcetrapib neither had a discernible effect on the function

of the vascular endothelium [26] nor had it compelling

effects on structural features (magnetic resonance imaging

[MRI]) and the inflammatory activity (positron emission

tomography/computed tomography [PET/CT]) of the car-

otid arteries [27]. A direct correspondence between studies

of these surrogate vascular endpoints and clinical outcomes

might not exist. However, the biggest disappointment then

was that the endpoint study Dal-OUTCOMES [16, 28] was

terminated prematurely in May 2012. Patients (n = 15,871)

who had experienced an acute coronary syndrome received

either dalcetrapib (600 mg daily) or placebo in addition to

standard therapy, which produced a mean LDL-C at

baseline of 76 mg/dl (1.97 mmol/l). As expected, dalcet-

rapib increased HDL-C by 31–40 %, with virtually no

effect on LDL-C. After a median follow-up of 31 months,

71 % of the projected primary endpoints had occurred, and

event rates were not different between dalcetrapib and

placebo. Interestingly, the median C-reactive protein was,

on average, 0.2 mg/l (18 %) higher and the mean systolic

blood pressure was 0.6 mmHg higher in the dalcetrapib

arm than in the placebo arm.

A number of reasons for the lack of a clinical effect of

dalcetrapib are conceivable:

1. The increase in HDL-C (31–40 %) produced by the

drug may have been too small. On the other hand,

increases in HDL-C exceeding this magnitude may not

entail any further clinical advantage. The relationship

between HDL-C and risk is not linear, and, beyond

60 mg/dl (1.5 mmol/l), increases may not translate

into further risk reduction (Fig. 2) [29]. Yet, coronary

risk could even increase again [30].

2. Fundamental differences may exist between dalcetra-

pib and other inhibitors of CETP. Anacetrapib and

torcetrapib seem to occupy a similar binding site on

CETP, which is different from the binding site of

dalcetrapib [31]. Dalcetrapib, but neither torcetrapib

nor anacetrapib induce specific conformational changes

in the structure of CETP so that antibodies against

specific epitopes of CETP cannot bind any more. In

another study, dalcetrapib significantly more effec-

tively enhanced fecal cholesterol than torcetrapib [32].

3. In addition to their incriminated role in reverse choles-

terol transport, HDLs may possess other cardio-protec-

tive properties. These include anti-oxidant effects,

improvement of endothelial nitric oxide production,

reduction of leukocyte adhesion, reduced apoptosis of

endothelial cells, inhibition of platelet aggregation, and

blood coagulation. HDL isolated from patients with

very high-risk or overt coronary artery disease (CAD)

may have lost these functions [33, 34]. Of course,

increasing the concentration of such ‘dysfunctional’

HDL would predictably not be very useful. In the

patients with an acute coronary syndrome, as they

participated in Dal-OUTCOMES, coronary heart dis-

ease could have been advanced that far so that HDL may

have lost their protective effect. Two very recent studies

support this possibility [35–37] Angeloni et al. [36]

found no (or even a trend of a positive) association of

HDL-C with cardiovascular events and death in patients

with CAD undergoing coronary artery bypass graft

surgery. In the LURIC (Ludwigshafen Risk and Car-

diovascular Health) study, we demonstrated a strong

inverse relationship between HDL-C and cardiovascu-

lar mortality in subjects without angiographic CAD, but

not once CAD was established. We confirmed this

interaction of HDL-C with CAD in determining adverse

outcomes in two independent cohorts and by a meta-

analysis of all three cohorts (n = 12,292) [35].

If it is true that HDL become dysfunctional in CAD

patients, HDL-raising agents should in the future be

tested preferably in persons with low HDL, but without

overt vascular disease, which would make clinical trials

even more demanding than they have been so far.

4. The approach to increase HDL-C by inhibiting CETP

could be wrong. The measurable concentration of

HDL-C is influenced by many metabolic processes

such as the production rate of the apolipoproteins of

HDL, and the activities of membrane cholesterol

transporters (ABCA1 and ABCG1), lipid transfer

Fig. 2 High-density lipoprotein cholesterol and coronary heart

disease [29]

516 M. E. Kleber et al.



proteins (CETP, phospholipid transfer protein), and

enzymes (endothelial lipase, hepatic lipase, lecithin

cholesterol acyltransferase [LCAT]) (Fig. 3). Epide-

miological findings suggest that high CETP increases

and inhibition of CETP reduces the risk of atheroscle-

rosis [38]. Further support for this assumption comes

from observations that CETP activity was positively

related to subsequent cardiovascular events [39, 40].

However, other studies have paradoxically observed

the opposite when measuring CETP activity [41–44] or

concentration [45]. Experimental studies, especially in

rabbits (which have high CETP activity naturally),

show atherosclerosis following CETP inhibition [46,

47]. In mice (which lack CETP naturally), human

CETP was introduced as a transgene, and the effects of

CETP were studied. Some authors reported positive

effects [48] while others reported negative effects [49,

50]. In contrast, in both animal experiments and

humans, the parenteral administration of (presumably

functional) HDL consistently has had anti-atheroscle-

rotic effects so far [51–54] This could indicate that

raising HDL by enhancing its production might

ultimately turn out to be preferable over blocking

processing with inhibitors of CETP. Further, CETP

inhibitors have been reported to produce increases in

blood pressure or C-reactive protein. Because these

effects are apparently not limited to torcetrapib [18,

20, 55], they may represent a class effect or simply

relate to lowering CETP activity and this may offset

other cardiovascular benefit.

5. The approach to increase HDL-C by any pharmaco-

logical intervention could be wrong. The inverse

correlation between HDL-C and coronary events may

merely reflect ‘reverse causality‘. It is in line with this

idea that Mendelian randomization studies argue

against a causal role of low HDL in vascular disease.

[56] Thus, pre-existing, yet clinically asymptomatic

vascular disease and associated subclinical inflamma-

tion could alter the composition of HDL and lower the

HDL-C. ‘Acute phase HDL’ are characterized by

enrichment of serum amyloid A, secretory phospholi-

pase A2 (sPLA2-IIa), ceruloplasmin, or apoCIII, and a

lower percentage of apo AI, paraoxonase, and clusterin

[57, 58]. Whether the function of HDL as an acceptor

of cellular cholesterol is impaired in the acute phase is

not entirely clear [59].

Fig. 3 Reverse cholesterol transport. ABCA1 ATP-binding cassette

transporter A1, ABCG1 ATP-binding cassette transporter G1, AI

apolipoprotein AI, CD-36 cluster of differentiation 36, CETP

cholesteryl ester transfer protein, CM chylomicrons, HDLs high-

density lipoproteins, LCAT lecithin cholesterol-acyl transferase, LDLs

low-density lipoproteins, LDL-R LDL receptor, PLTP phospholipid

transfer protein, SR-B1 scavenger receptor B1, thrombospondin

receptor, VLDL very low density lipoproteins,
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Because LDL-C, apolipoprotein B, and triglycerides

remained virtually unaffected in the Dal-OUTCOMES

study, the study may indeed provide clues to the utility of

isolated manipulation of HDL-C. However, as outlined

above there are many other explanations for the neutral

results of the trial. Two CETP inhibitors, anacetrapib and

evacetrapib, are still under evaluation. They increase HDL-

C by 100 % or more. Beyond that, they also lower LDL-C.

Based on the latter effect, they may be more effective in

reducing cardiovascular events than dalcetrapib.

5 Conclusions

The central question as to whether a therapeutic increase in

HDL-C in general would result in relevant cardiovascular

risk reduction may thus stay an enigma for a long time still.

We believe that researchers will have to step back to

understand the functions of HDL and its subfractions and

the dynamics of HDL metabolism before other drugs tar-

geting HDL components can successfully be developed.
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