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ABSTRACT

Purpose of review: The reputation of acyl coenzyme A:cholesterol acyltransferase (ACAT) 

inhibitors has changed profoundly from promising new drugs for cardiovascular prevention 

to drugs without clinical benefi ts or possibly even with adverse eff ects.

Recent fi ndings: ACAT inhibitors decrease the intracellular conversion of free cholesterol 

into cholesteryl ester in a number of tissues, including intestine, liver and macrophages. In 

contrast to promising results in experimental animal models, all subsequent clinical studies 

in humans with ACAT inhibitors failed to show lipid profi le changes as well as reductions in 

surrogate markers for coronary artery disease. In fact, there was even a tendency towards an 

increase in atheroma burden in the most recent and well executed clinical trials. In addition, 

the inhibition of this pivotal enzyme in cholesterol esterifi cation may interfere with reverse 

cholesterol transport.

Summary: In our opinion, the consistent negative fi ndings in recent clinical trials have 

virtually eliminated the chances for this class of drugs to be introduced for cardiovascular 

prevention. Possible strategies focused on selective ACAT 2 inhibition or the combination of 

ACAT inhibitors with compounds that stimulate reverse cholesterol transport may prove to 

have clinical benefi t. This will have to await further clinical research in humans, however, as 

rodent models obviously cannot provide reliable data as to the effi  cacy of this class of drugs 

in humans.

Keywords: ACAT inhibition; atherosclerosis; cholesterol; foam cell

Abbreviations: ACAT, acyl coenzyme A:cholesterol acyltransferase; IVUS, intravascular ultra-

sound; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein
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INTRODUCTION

In a recent pooled analysis of the majority of statin trials (1), it was elucidated that a 1 mmol/l 

reduction of low-density lipoprotein (LDL)-cholesterol conferred an approximately 25% 

relative risk reduction in terms of cardiovascular disease. As a consequence, the search for 

additional interventions capable of further reducing cardiovascular events has continued at 

full throttle. In this respect, acyl coenzyme A:cholesterol acyltransferase (ACAT) inhibitors 

have been promising candidates for a considerable number of years. The reputation of ACAT 

inhibitors, however, has changed dramatically over the past few years. We will describe this 

rise and fall in ACAT inhibitors, focusing on recent clinical trials and exploring the potential 

clinical utility of this class of compounds. Results of studies with avasimibe (CI-1011) and 

pactimibe (CS-505) will mainly be addressed, as these compounds were assessed most ex-

tensively in human trials.

THE RISE

ACAT catalyzes the esterifi cation of free cholesterol with fatty acids. Two isoforms of this 

enzyme have been identifi ed in mammals (2). ACAT1 is present within the endoplasmatic 

reticulum of many cells, including macrophages, Kupff er cells in the liver and neurons as well 

as steroidogenic cells in the adrenal glands. Furthermore, ACAT1 is abundantly expressed in 

foam cells in atherosclerotic lesions (3, 4). ACAT2 is present exclusively in hepatocytes and 

intestinal cells (5). Through the use of specifi c ACAT knockout mice and ACAT inhibitors, much 

information about the role of this enzyme in lipid metabolism has been gathered.

ACAT1-defi cient mice showed decreased cholesterol ester content in fi broblasts, adrenal tis-

sue and macrophages. No eff ect on circulating plasma cholesterol levels was seen, however. 

These animals are characterized by massive depositions of free cholesterol in skin and brain, 

as well as dry eyes. A priori, a reduction in foam cell formation was expected due to the 

increased availability of free cholesterol for reverse cholesterol transport from macrophages. 

When crossed onto an atherosclerosis-prone background (i.e. ApoE and LDL receptor knock-

out mice), however, both an increase and an attenuation of atherosclerosis were reported 

(6–8). In spite of this apparent contradiction, these results underscore the importance of 

ACAT1 for intracellular cholesterol homeostasis and should render caution for the option of 

complete ACAT1 inhibition.

Deletion of ACAT2 in mice did not result in lipid or lipoprotein changes on a chow diet. These 

animals were protected against hypercholesterolemia and cholesterol gall stone formation, 

however, and led to a decrease in intestinal cholesterol absorption on a high-fat diet (9, 10). 
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When crossed on an atherosclerotic-prone background, it became clear that cholesteryl 

esters in very low-density lipoprotein (VLDL) were replaced by triglycerides (11). These re-

sults support a role for ACAT2 in the absorption of dietary cholesterol and incorporation of 

cholesteryl ester into chylomicrons in the intestine. It also suggests that ACAT contributes to 

lipoprotein formation by providing cholesteryl ester for incorporation into VLDL particles in 

the VLDL synthesis pathway in the liver.

Animal studies were initiated with the promising idea that: inhibition of ACAT1 could increase 

availability of free cholesterol for reverse cholesterol transport in macrophages, thereby 

reducing lipid accumulation and foam cell formation; and inhibition of ACAT2 could reduce 

cholesterol levels. In general, these compounds exhibited an equal potency to inhibit both 

ACAT1 and ACAT2. In fact, treatment with ACAT inhibitors showed promising results for the 

prevention of atherosclerosis in various animal models. Avasimibe was well tolerated in dogs, 

causing minimal adrenal eff ects, reversible changes in hepatic function and limited toxicity 

only at high doses (12). In several species, avasimibe lowered cholesterol levels. Moreover, 

reduced atherogenesis was observed in mouse, hamster and rabbit, even on top of statin use 

(13–17). Similar results were achieved with pactimibe but, unfortunately, these studies were 

not published.

THE FALL

The fi rst clinical trial with an ACAT inhibitor was published in 1990 (18). Unexpectedly, this was 

the fi rst of a series of rather disappointing observations. The fi rst human trials investigated 

the short-term tolerability and eff ects on lipids of diff erent ACAT inhibitors (CL 2777,082, 

DuP 128, 447C88) in patient groups with dyslipidemia (18–20). No tolerability concerns were 

reported; the positive eff ects on plasma LDL-cholesterol levels as demonstrated in animal 

studies, however, could not be confi rmed. In fact, no eff ects on lipid or lipoprotein levels 

were found at all. There was some doubt, however, as to whether appropriate plasma con-

centrations of the compounds had been achieved. In contrast, some changes in lipoprotein 

levels became obvious when avasimibe was used. Treatment of 130 patients with combined 

hyperlipidemia or with hypoalphalipoproteinemia showed a 30% decrease in VLDL and a 

23% decrease in plasma triglyceride levels (21). Again, however, there was no eff ect on LDL-

cholesterol. Raal et al. (22) reported the eff ect of avasimibe monotherapy or its combination 

with atorvastatin on the lipoprotein profi le of 27 patients with homozygous familial hyper-

cholesterolemia. Disappointingly, no signifi cant lipoprotein changes were observed with 

avasimibe monotherapy, and the combination with statin only achieved a rather poor 5% 

extra plasma cholesterol reduction.
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Despite these disappointing results in humans, trials continued, aiming at demonstrating 

a favorable eff ect of ACAT inhibition on foam cell formation and thus on atheroma volume. 

First, Tardif et al. (23) reported the eff ect of avasimibe in diff erent doses on atherosclerotic 

plaques in 639 patients with coronary artery disease (A-PLUS study). Approximately 88% of 

patients also received statin therapy. The design of this study was similar to the REVERSAL 

study (24), which showed superior results of atorvastatin 80 mg over pravastatin 40 mg. 

Coronary atherosclerosis was measured by intravascular ultrasound (IVUS) at baseline and 

after up to 24 months of treatment. IVUS methodology, in which an ultrasound probe is 

inserted into a coronary artery to image atherosclerotic plaque, is considered superior to 

traditional coronary angiography in measuring the progression of coronary atherosclerosis 

and atheroma volume. The primary endpoint of the study was indeed percentage atheroma 

volume. This increased by 0.4% in the placebo group, but tended to increase even more (0.7, 

0.8 and 1.0%; ns) in the avasimibe groups of 50, 250 and 750 mg, respectively. LDL-cholesterol 

increased during the study by 1.7% in the placebo group, but increased signifi cantly more, by 

7.8, 9.1 and 10.9%, in the respective avasimibe groups. Avasimibe did reduce triglyceride and 

apoB levels. Pfi zer decided to discontinue the development of avasimibe in October 2003.

The absence of benefi cial eff ects on atherosclerosis of avasimibe was clear. The question 

was whether this was common to all ACAT inhibitors or related to inhibition of ACAT1 or 

ACAT2. Part of the answer was provided at the 2005 American Heart Association’s Scientifi c 

Sessions held in Texas on 15 November 2005 (25). Nissen presented the results of a similar 

IVUS study with pactimibe – a potentially more potent unselective ACAT inhibitor (ACTIVATE); 

534 patients with stable coronary heart disease received placebo or pactimibe 100 mg in 

78% on top of statin therapy. IVUS was performed at baseline and after up to 18 months of 

treatment. Both groups showed a statistically signifi cant progression in percentage atheroma 

volume, but there was a trend to a greater increase in the pactimibe group (+0.69%; ns) 

compared with placebo (+0.59%). Pactimibe not only failed to reduce atherosclerosis pro-

gression compared with the placebo group, but even had some pro-atherogenic eff ects. Total 

atheroma volume and atheroma regression in the most diseased vessel subsegment showed 

statistically signifi cant diff erences favoring placebo (regression in total atheroma volume: 1.3 

compared with 5.6 mm3; p = 0.04; in most diseased segments: 1.3 compared with 3.2 mm3; 

p = 0.01). No signifi cant diff erences existed between the pactimibe and placebo groups in 

lipoprotein levels (+0.66 compared with -3.9% change from baseline; ns.). Despite the unfa-

vorable eff ects of pactimibe, there was no diff erence in clinical outcome. It must be noted, 

however, that the study was not powered to show the eff ect of pactimibe on cardiovascular 

morbidity and mortality. In October 2005, Sankyo announced that it ceased ongoing clinical 

studies of pactimibe. This meant a premature end to the CAPTIVATE study (26) that aimed at 

determining the eff ect of pactimibe on top of lipid-lowering therapy on intima media thick-
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ness progression in patients with heterozygous familial hypercholesterolemia and carotid 

atherosclerosis.

In fact, the only positive study in humans that was published so far showed a small reduction 

in plasma cholesterol levels, a decrease in TNF alpha levels and an improvement in endothe-

lial function with avasimibe in 21 hypercholesterolemic patients. As avasimibe had no eff ect 

on other infl ammatory markers, however, the positive results of this study should be taken 

with a grain of salt and the small number of patients does not allow much optimism (27•).

THE EXPLANATIONS

Given the pro-atherogenic eff ects of avasimibe and pactimibe, a future for ACAT inhibition 

as treatment for atherosclerosis is highly unlikely. Several thoughts were entertained in the 

discussion around the reasons that have contributed to the failure of the drug in human stud-

ies (28, 29•), the fi rst being the choice of dose. It is unlikely that the increase in atherosclerotic 

burden observed in the patients treated with avasimibe and pactimibe is caused by chance 

alone. Dosage could have been an issue, as ACAT inhibitors do not alter plasma lipids and 

determining an optimal dose is troublesome. Extrapolating from the doses that achieved 

atherosclerosis reduction in rodent models is another possibility, but wrought with many 

inherent limitations. Higher doses in humans could theoretically have achieved better results. 

Therefore, it might have been informative to perform studies of endarterectomy specimens 

of patients pretreated with an ACAT inhibitor. This could have provided an opportunity to 

determine the actual degree of ACAT inhibition in the target cells within the atherosclerotic 

plaque.

Second, part of the explanation may pertain to the fact that enhancing the pool of free cho-

lesterol in macrophages by inhibiting ACAT does not enhance reverse cholesterol transport, 

but in fact leads to macrophage cell death instead (30, 31). Moreover, accumulated free cho-

lesterol alters membrane function and signaling of macrophages (32••). This sheds new light 

on the role of esterifi cation of cholesterol in foam cells. Instead of being a negative process, it 

may even be considered favorable in plaque biology. Moreover, deletion of ACAT induces the 

transcription of apoptosis and infl ammation-associated genes (33••), and leads to an increase 

in cholesterol biosynthesis (34) in macrophages in vitro. In contrast to macrophages, intesti-

nal and liver cells may have abundant additional mechanisms to dispose of cholesterol.

Third, ACAT1 depletion has been shown to interfere with reverse cholesterol transport by 

altering ATP binding cassette protein A1 (ABCA1) protein stability (33••, 35•, 36•). Also, and 

lastly, the mild increase in LDL-cholesterol found during long-term treatment with ACAT 
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Figure 1. ACAT function and eff ect of inhibition

ACAT inhibitors decrease the intracellular conversion of free cholesterol into cholesteryl ester in intestinal 
cells, hepatocytes, macrophages and smooth muscle cells 

ACAT inhibitors in humans failed to show consistent benefi cial lipid profi le changes, except for reductions 
in chylomicron and VLDL levels. Moreover, there was a tendency towards an increase in atheroma burden. 
This is possibly due to macrophage apoptosis in the vessel wall caused by toxic levels of free cholesterol. 
In contrast, smooth muscle cells seem to be resistant to the toxic eff ects of free cholesterol accumulation. 
ACAT inhibitors may also negatively aff ect reverse cholesterol transport by increasing ABCA1 instability.

ABCA1, ATP binding cassette protein A1; ACAT, acyl coenzyme A:cholesterol acyltransferase; CE, 
cholesterol ester; FC, free cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, 
very low-density lipoprotein



198 Chapter 13

inhibitors may have contributed to atheroma progression. In the case of avasimibe, the LDL 

increase may be attributed to a pharmacokinetic interaction with statins by potent CYP3A4 

induction (37).

The next question is how we can explain the apparent discrepancy between the negative 

fi ndings in humans and the positive fi ndings in experimental models. First, a diff erence in 

ACAT1/ACAT2 distribution between species may contribute to the remarkable diff erence be-

tween animal and humans studies (38–40). In addition, lipid metabolism and lesion biology 

in animals are not comparable. Most animal studies were performed against a background of 

very high cholesterol levels and excess macrophage accumulation in the vessel wall. Patients 

in the A-PLUS and ACTIVATE studies in general had low cholesterol levels and stable CAD. 

ACAT1 inhibition in a phase of rapid lesion formation may be more benefi cial than in the 

stable, late-stage lesions. Also, a much faster rate and capacity of reverse cholesterol transport 

in animals than in humans might be one explanation for the negative results in the latter.

THE FUTURE

The question remains whether there are still applications for ACAT inhibition. In theory, ACAT 

inhibitors may have a benefi cial eff ect on earlier stages of atherosclerosis – fatty streak forma-

tion. As studies evaluating this are very diffi  cult and treatment should start very early in life, 

however, this option is unlikely to be pursued. Second, ACAT inhibitors may have eff ect on 

lesions characterized by smooth muscle cells (e.g. in restenosis), as these cells seem resistant 

to the toxicity of free cholesterol (41••, 42•). No in-vivo techniques are available, however, to 

classify plaques by the predominant cell type and plaque composition can vary throughout 

the body. An exciting third avenue is application in Alzheimer’s disease. ACAT inhibitors have 

been shown to decrease the generation of Amyloid beta peptide in mice (43). No human 

studies have been performed yet and, more importantly, the possibility of increasing athero-

sclerosis in the coronary tree will be a major problem.

Making adjustments to ACAT inhibitors may overcome some of the current problems (44•). 

An option is to alter the balance between ACAT1 and ACAT2 inhibition. Rudel et al. (45••) 

advocate the development of selective ACAT2 inhibitors (46). The level of ACAT2 inhibition, 

however, will have to exceed the level currently produced by avasimibe and pactimibe to 

show any eff ect on LDL-cholesterol. Another possibility is to combine ACAT inhibitors with 

compounds that increase reverse cholesterol transport or alternatively reduce macrophage 

toxicity (47). Companies developing ACAT inhibitors will face important dilemmas. New 

compounds should be diff erent from avasimibe and pactimibe in terms of ACAT1/ACAT2 

balance and careful in-vivo proof-of-principle studies should be executed before large-scale 
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clinical studies can be undertaken. Endarteriectomy studies could be one of the options in 

this regard.

CONCLUSION

The results of recent clinical trials have severely dimmed the expectations with respect to 

ACAT inhibition. Selective ACAT2 inhibition or combination of ACAT inhibitors with com-

pounds enhancing reverse cholesterol transport, however, may still prove to be clinically use-

ful. Overall, the last two decades of ACAT research did not provide us clinicians with a novel 

antiatherosclerotic drug, but it did contribute to valuable insights in cholesterol metabolism 

and plaque biology.
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