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Abstract Low high-density lipoprotein cholesterol (HDL-C)
levels are associated with incident cardiovascular events;
however, many therapies targeting increases in HDL-C have
failed to show consistent clinical benefit. Thus, focus has re-
cently shifted toward measuring high-density lipoprotein
(HDL) function. HDL is the key mediator of reverse choles-
terol transport, the process of cholesterol extraction from foam
cells, and eventual excretion into the biliary system.
Cholesterol efflux from peripheral macrophages to HDL par-
ticles has been associated with atherosclerosis in both
animals and humans. We review the mechanism of cholesterol
efflux and the emerging evidence on the association between
cholesterol efflux capacity and cardiovascular disease in hu-
man studies. We also focus on the completed and ongoing
trials of novel therapies targeting different aspects of HDL
cholesterol efflux.
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Introduction

Lowering atherogenic low-density lipoprotein cholesterol
(LDL-C) levels via lifestyle and pharmacotherapies, specifi-
cally HMG-CoA inhibitors, has clearly led to significant re-
ductions in cardiovascular events [1, 2]. The recent approval
of PCSKD9 inhibitors, which further decrease LDL-C levels,
may also result in clinical benefits [3, 4]. However, a signifi-
cant residual risk remains and other lipids have also been
targeted for therapeutic manipulation.

High-density lipoprotein (HDL), in contrast to LDL, is con-
sidered to be anti-atherogenic. HDL cholesterol (HDL-C)
levels are inversely proportional to cardiovascular events
[5—11] even after adequate LDL-C reduction is achieved [6].
However, therapies that are associated with increased HDL-C
levels have not yielded consistent clinical benefit [12]. Niacin
significantly increases HDL-C by 20-25 % yet failed to de-
crease future cardiovascular events in addition to statin therapy
in two large randomized controlled trials [13, 14]. Cholesteryl
ester transfer protein (CETP) inhibitors have been equally dis-
appointing to date. Torcetrapib can increase HDL-C levels by
almost 70 % but was associated with higher mortality rates and
cardiovascular events [15]. Similarly, dalcetrapib did not sig-
nificantly reduce recurrent cardiovascular events in patients
with recent acute coronary syndromes [16¢].

The failure of therapies targeting HDL-C levels has led to
significant interest in directly evaluating HDL’s main anti-
atherosclerotic function—the promotion of reverse cholesterol
transport. Macrophage-specific cholesterol efflux is the first
critical step of reverse cholesterol transport and can be readily
measured in humans using high-throughput bioassays.
Cholesterol efflux capacity (CEC) has gained significant mo-
mentum over the past few years as a potential target for ther-
apy for further cardiovascular disease prevention. This review
will briefly highlight the mechanism of cholesterol efflux and
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then focus on emerging evidence on the association between
CEC and cardiovascular disease in human studies.

Mechanism of Reverse Cholesterol Transport
and Cholesterol Efflux

Lipid-rich macrophages—foam cells—are induced by
oxysterols delivered by LDL and form the core of atheroscle-
rotic plaques in the arterial wall [17]. The apoptosis of mac-
rophages starts an inflammatory cascade that leads to plaque
rupture [17-19]. Oxysterols and free cholesterol efflux out of
macrophages onto HDL particles, promoting plaque regres-
sion and reducing plaque instability [19], and are eventually
excreted via the liver and biliary system. This process of
reverse cholesterol transport is not only the main anti-
atherosclerotic function of HDL but also the main pathway
of HDL particle biogenesis and maturation.

HDL particles begin as lipid-poor apolipoprotein A-I
(ApoA-I) synthesized by the liver and gut (Fig. 1).
These lipid-poor ApoA-I particles (Prebeta-1 HDL) ac-
quire free cholesterol from hepatic and peripheral tissue
via ATP binding cassette transporter 1 (ABCA-1).
Multiple ApoA-I molecules combine to serve as a protein
“cage” for the lipid-rich interior of an HDL particle but
only assume around 65 % of the protein mass of a mature
HDL particle [18]. There is marked heterogeneity in the
protein and phospholipid composition of HDL particles;
thus, it is likely that HDL is an umbrella term for a variety
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of compositionally distinct particles that have a similar
density [18, 20].

Lecithin-cholesterol acyltransferase (LCAT) mediates con-
version of free cholesterol to cholesteryl ester within the HDL
particle. This activity maintains a free cholesterol gradient
between the periphery and circulating HDL, promoting con-
tinual cholesterol efflux. CETP mediates transfer of these
cholesteryl esters to other lipoproteins.

Mature HDL particles can further promote cholesterol ef-
flux in a unidirectional manner via macrophage ATP binding
cassette transporter G-1 (ABCG-1) [18-21]. Scavenger recep-
tor class B type 1 (SR-B1) mediates cholesterol efflux and
influx between macrophages and mature HDL particles in a
bidirectional fashion [18, 19]. Lastly, passive aqueous diffu-
sion of cholesterol is a significant component of cholesterol
efflux from the macrophage to mature HDL. The cholesteryl
ester in HDL can be delivered to the liver via direct binding to
hepatic SR-B1 receptors, with subsequent excretion into the
biliary system and out of the body. The complexity of the
reverse cholesterol transport pathway allows for multiple pu-
tative therapeutic targets; however, animal studies clearly
demonstrate that macrophage-specific cholesterol efflux, the
first critical step of reverse cholesterol transport, plays a key
role in preventing atherosclerosis. Therefore, recent efforts on
interrogating HDL function in humans have focused on eval-
uating the clinical relevance of CEC.

Over the past decade, several assays for measuring CEC
have been developed. They all measure the movement of
radiolabeled cholesterol from specific cell types to a chosen

Fig. 1 Reverse cholesterol transport. LCAT lecithin-cholesterol acyltransferase, CETP cholesteryl ester transfer protein, FC free cholesterol,
CE cholesterol ester, TF triglycerides, LDL-R LDL receptor (with kind permission from Springer Science + Business Media, Fig. 1 [41])
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extracellular acceptor. Extracellular acceptor media vary from
ApoB-depleted plasma to whole plasma and can make a large
impact on the assay specificity for HDL-mediated CEC [22].

Cholesterol Efflux Capacity and Atherosclerosis

The inverse relationship between CEC and atherosclerosis
has been well documented in animal models [19, 21, 23];
however, only recently has this association been explored
in human populations. Among the low-risk groups, the
first cohort study evaluated CEC in 204 healthy white
males undergoing carotid intima media thickness
(CIMT) evaluation [24]. CEC was found to be inversely
proportional to CIMT, a surrogate marker that is associat-
ed with increased atherosclerotic disease risk [25, 26],
independent of HDL-C and ApoA-I levels. Interestingly,
HDL-C levels were significantly correlated with CEC
(r=0.58, p<0.0001) but failed to correlate with CIMT.
These findings further the notion that the relationship be-
tween CEC and atherosclerosis is not completely ex-
plained by HDL-C levels. Another study explored the
relationship between CEC and coronary atherosclerosis
via CT angiography in patients with psoriasis without
known coronary artery disease (CAD) [27]. Low CEC
was associated with a higher coronary plaque burden—
specifically non-calcified plaque—independent of cardio-
vascular risk factors, including hyperlipidemia.

Both studies assessed CEC in low-risk groups. The first
had a relatively low LDL-C level (mean 123 mg/dL) and a
relatively low atherosclerotic burden (CIMT 0.66+0.13 mm)
for average age [28]. The psoriasis cohort had an average
pooled cohort equation risk estimate of less than 3 % and an
average LDL-C of 100 mg/dL, with only a minority of pa-
tients on statin therapy. HDL function is not part of our current
cardiovascular risk assessment model; however, these human
studies show that even in the setting of few traditional risk
factors, HDL function can still be abnormal and reflect a pro-
pensity for atherosclerosis.

The relationship between CEC and coronary atherosclerosis
has also been assessed in higher-risk cohorts undergoing cor-
onary angiography. In the first large series, CEC was inversely
associated with both presence and severity of angiographic
coronary disease, defined as a luminal stenosis >50 % in a
major coronary vessel, independent of HDL-C and ApoA-I
levels [24]. This landmark study established the association
between CEC and coronary atherosclerosis. A similar relation-
ship was reported in a smaller Japanese cohort [29]. In contrast
to these studies, another large angiographic cohort revealed no
significant association between CEC and angiographic CAD
after adjustment for risk factors and HDL-C [30e].

These studies suggest that in lower-risk cohorts, low efflux
is associated with prevalent coronary and peripheral

atherosclerosis independent of HDL composition but this as-
sociation is inconsistent in higher-risk individuals presenting
for coronary angiogram.

Cholesterol Efflux Capacity and Cardiovascular
Events

Not only has CEC been assessed with prevalent CAD but also
longitudinally with incident atherosclerotic cardiovascular
disease (ASCVD) (Fig. 2). Our group studied CEC and inci-
dent ASCVD events in 2924 American individuals without
known CAD from the Dallas Heart Study [31¢¢]. The average
age of this low-risk population cohort was 42, with almost
50 % Blacks, and the median LDL-C was 104 mg/dL.
ASCVD was defined as myocardial infarction, stroke, coro-
nary revascularization, or cardiovascular death. Baseline
HDL-C was not associated with ASCVD after adjustment
for risk factors and total HDL particle (HDL-P) concentration
by NMR (hazards ratio (HR)=1.08, 95 % confidence interval
(CI)=0.59-1.99). CEC was associated with increasing lipid
levels but very few other traditional risk factors. The correla-
tion between CEC and HDL-C was weak (r=0.07, p<0.05)
and modest with HDL-P concentration (r=0.15, p<0.05).
CEC was inversely associated with ASCVD with no attenua-
tion of the point estimate after adjustment for risk factors,
HDL-C, or HDL-P concentration (HR for quartile 4 vs.
1=0.33, 95 % CI=0.19-0.55). This inverse association was
graded across increasing quartiles and was similar for the hard
end point of nonfatal and fatal myocardial infarction and
stroke. The hazard for 1 standard deviation increase in contin-
uous CEC was 0.68 (95 % CI=0.55-0.84).

A similar study was conducted in the EPIC-Norfolk cohort,
using a prospective nested case-control sample of European
Caucasians [32¢¢]. There were 1745 cases, defined as those
who were hospitalized or died from unstable angina, stable
angina, or myocardial infarction. A total of 1749 participants
were in the control group, free of coronary disease at
follow-up. The 1745 incident cases at baseline were older
and more overweight, had worse lipid profiles, and were more
likely to have diabetes, hypertension, or a history of smoking.
Among the controls, CEC was associated with female sex,
total cholesterol, and alcohol intake and inversely associated
with measures of adiposity and diabetes. CEC was moderately
correlated with HDL-C (»=0.40, p<0.05), in contrast with a
minimal correlation in the Dallas Heart Study, and modestly
correlated with ApoA-I (r=0.22, p<0.05) among the con-
trols. Despite this differing correlation between CEC and
HDL-C, a similar inverse dose-response relationship with
events was found: increasing tertiles of CEC were associated
with reduced incidence of coronary heart disease, without at-
tenuation from risk factor adjustment, including HDL-C (odds
ratio (OR) tertile 3 vs. 1=0.64, 95 % CI1=0.51-0.80). Similar
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findings were seen with adjustment for ApoA-I levels. The
odds ratio for 1 standard deviation increase in continuous
CEC was also similar to that seen in the Dallas Heart Study
(OR per 1 SD=0.80, 95 % CI=0.70-0.90).

The Dallas Heart Study and the EPIC-Norfolk study
both studied low-risk populations free of heart disease at
baseline. Despite some differences, including CEC assay
methodology, levels of risk factors, and ethnicity makeup,
both studies revealed similar inverse associations with in-
cident ASCVD. The end points in the Dallas Heart Study
included stroke and all CV deaths, whereas those in the
EPIC-Norfolk study were specific to coronary ischemia or
myocardial infarction. Taken together, these large longitu-
dinal studies extend prior cross-sectional associations with
prevalent coronary disease by showing that low baseline
CEC predicts incident ASCVD.

In contrast to these consistent relationships between CEC
and incident ASCVD among the low-risk cohorts, findings
have been mixed in higher-risk cohorts. In a study that pro-
spectively followed 1150 patients without acute coronary syn-
drome who underwent coronary angiography, 871 patients
met criteria for CAD, defined as luminal stenosis >50 % in a
major coronary vessel [30+¢]. Of note, CEC was not associated
with prevalent angiographic CAD in this study population
after risk factor adjustment. The highest tertile of CEC exhib-
ited an increased risk of both incident nonfatal myocardial
infarction, stroke, and cardiovascular death and just incident
nonfatal myocardial infarction and stroke, retaining signifi-
cance in fully adjusted models (HR=1.85, 95 % CI=1.11-
3.06, and HR=2.19, 95 % CI=1.02-4.74, respectively).

Conversely, in the LUdwigshafen RIsk and
Cardiovascular Health (LURIC) study of 2450 patients
undergoing coronary angiography, there was an inverse
correlation between CEC and cardiovascular mortality
[33]. This cohort was truly high risk with ~15 %
(N=~350) experiencing cardiovascular death. The inverse
correlation remained significant after adjustment for
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traditional cardiovascular risk factors (HR tertile 3 vs.
1=0.65, 95 % CI=0.48-0.88). Both angiographic cohort
studies used the same CEC assay methodology. The an-
giographic cohort showing a positive association with in-
cident events did not exhibit a dose-response relationship
between CEC and events, as did the LURIC study and
other reports. It remains unclear if patient factors or other
aspects of study design led to the differential findings, but
it may be that the relationship between efflux and incident
cardiovascular events among the high-risk cohorts may
vary, whereas the inverse relationship seen among low-
risk cohorts has been thus far consistent.

Therapies Targeting HDL Metabolism
LCAT

LCAT mediates esterification of free cholesterol within the
HDL particle and is thought to promote efflux by maintaining
a free cholesterol gradient between the periphery and HDL
molecules. Murine models have shown that LCAT overex-
pression does not increase CEC [34], and LCAT deficiency
only reduced CEC by 50 % [35]. Plasma LCAT levels were
measured in a case-control study of the EPIC-Norfolk cohort
but did not differ by CAD status [36]. Another case-control
study of LCAT activity and incident cardiovascular disease
also found no relationship [37]. Thus, it remains unclear if
targeting LCAT activity or levels will impact CAD risk; how-
ever, recombinant LCAT molecules and LCAT promoter
modulators are currently under investigation and further stud-
ies in animal and human models are needed [38].

Niacin

The combination of niacin and statin therapy, when compared
to statin therapy alone, failed to decrease the risk of recurrent
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cardiovascular events in the Atherothrombosis Intervention in
Metabolic Syndrome with Low HDL/High Triglycerides:
Impact on Global Health Outcomes (AIM-HIGH) and
HPS2-THRIVE clinical trials [13, 14], despite an increase in
HDL-C levels. Though niacin does have a modest effect on
ABCG-1-specific CEC [39], the overall effect on CEC was
likely due to increases in HDL-C concentration. Niacin has
not been shown to have a significant effect on ABCA-1-
specific efflux, especially in patients already on statin therapy
[40, 41]. In addition, the combination of niacin and statin
therapy in the AIM-HIGH trial minimally increased ApoA-I
levels compared to statin therapy alone. Overall, niacin does
not decrease the risk of future cardiovascular events in addi-
tion to statin therapy, perhaps partially explained by the lack of
significant modulation of CEC—specifically ABCA-1-
specific efflux. An intriguing question would be to clarify
whether there would be any clinical benefits of niacin in those
with low total efflux and HDL-C levels, allowing a more
targeted approach.

CETP Inhibitors

CETP inhibitors have not reduced cardiovascular outcomes in
large, randomized controlled trials [15, 16¢]. In the Dal-
ACUTE trial [42<], 300 patients were randomized to
600 mg/day of dalcetrapib or placebo, within 1 week of an
acute coronary syndrome. While HDL-C was increased by
almost 34 % at 4 weeks in the dalcetrapib arm, CEC was only
increased by 9.5 %. Importantly, this increase in CEC was
mostly via non-ABCA-1-specific efflux.

Yvan-Charvet et al. compared torcetrapib 60 versus
120 mg/day dosing in a small sample of patients without
cardiovascular disease (=8 in each arm) for 8 weeks
[43]. At the 60 mg daily dosing, no significant difference
in CEC was noted at 8 weeks; however, the 120 mg daily
dosing did significantly raise CEC. The ILLUMINATE
trial used 60 mg daily dosing to evaluate the efficacy of
torcetrapib, but it was stopped early due a high rate of
adverse outcomes [15]. As noted with dalcetrapib, a sig-
nificant proportion (40-50 %) of torcetrapib’s effect on
cholesterol efflux was non-ABCA-1 specific.

Two new agents in this class are currently undergoing eval-
uation. We await the results of the ongoing phase 3 trial,
REVEAL, in which cardiovascular outcomes are being stud-
ied in response to therapy with anacetrapib 100 mg daily in
addition to statin therapy (clinicaltrials.gov, identifier:
NCT01252953). Anacetrapib has been shown to increase
HDL-C by up to 100 % [39]. Perhaps more importantly, this
study of 20 patients given 300 mg of anacetrapib showed that
at 8 weeks, there was up to a 2.4-fold increase in CEC when
compared to the control groups [39]. Furthermore, the in-
creased efflux potential seen with anacetrapib was partly de-
pendent on ABCA-1 expression.

Another phase 3 trial in progress, ACCELERATE, is
evaluating the effect of evacetrapib on cardiovascular risk
(clinicaltrials.gov, identifier: NCT01687998). Evacetrapib
therapy alone increases HDL-C by 54-129 % in a dose-
dependent fashion [44] and has been shown to increase
total CEC by 28 % and ABCA-1-specific efflux by 17 %
[45].

In contrast to torcetrapib and dalcetrapib, anacetrapib and
evacetrapib seem to increase both global CEC and ABCA-1-
specific efflux. It remains to be seen whether these differential
effects on the various efflux pathways will translate into clin-
ical benefit. However, due to the variety of lipid effects of
CETP inhibitors, including a reduction in LDL, it may be
difficult to assess the specific clinical effects of modulating
CEC via CETP inhibition.

ApoA-I

ApoA-I accepts cholesterol from the periphery and forms
Prebeta-1 HDL, considered as the primary acceptor of
cholesterol via ABCA-1. ApoA-I levels have been in-
versely associated with incident cardiovascular events
[46]. ApoA-I mimetics have been studied in murine and
human models, stimulate CEC [47, 48], and have
atheroprotective effects [49-52].

The ERASE trial [53] in 2007 randomized 183 patients
with recent acute coronary syndromes to placebo or different
doses of CSL-111, a recombinant HDL particle consisting of
human ApoA-I and phosphatidylcholine. Coronary angiogra-
phy with IVUS was performed at a time of incident event and
at a mean of 44 days later. Though there was a 3.4 % improve-
ment in the primary end point—atheroma volume, as mea-
sured by intravascular ultrasound—this was not significant
compared to placebo. There was a significant improvement
in plaque characterization index and coronary score in the
CSL-111-treated arm.

AEGIS-1 is an ongoing phase 2B, randomized placebo-
controlled study investigating recurrent cardiovascular
event rates with a newer recombinant HDL particle,
CSL-112, therapy in 1200 patients with recent acute cor-
onary syndrome (clinicaltrials.gov, identifier:
NCT02108262). CSL-112 has been associated with in-
creases in HDL-C levels, Prebeta-1 HDL particles [50],
and ABCA-1-specific CEC [47, 48].

RVX-208 is a novel agent that selectively upregulates
ApoA-I synthesis and has been shown in animal models
to increase ApoA-I levels and ABCA-1-specific and non-
ABCA-1-specific cholesterol efflux as well as promote a
shift in HDL particle size distribution [54]. This prompted
a phase 1 study of patients receiving RVX-208 infusions
for 7 days, showing significant increases in ApoA-I levels
and ABCA-1-specific cholesterol efflux without signifi-
cant increases in HDL-C levels [54]. A phase II trial
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investigated 299 patients with stable CAD on statin ther-
apy [55]. After 12 weeks of RVX-208 infusion, both in-
creases in ApoA-I and HDL-C levels were noted.

The ApoA-I Synthesis Stimulation and Intravascular
Ultrasound for Coronary Atheroma Regression Evaluation
(ASSURE) and The Study of Quantitative Serial Trends in
Lipids with Apolipoprotein A-I Stimulation (SUSTAIN) trials
are completed phase 2B trials of RVX-208 [56]. In the
ASSURE trial, 310 patients with low HDL-C and angiographic
evidence of CAD (at least one stenosis >20 % in an epicardial
coronary artery on a clinically indicated coronary angiogram)
were randomized to RVX-208 or placebo for 26 weeks. The
primary outcome was intravascular ultrasound-guided assess-
ment of atheroma volume. There was no significant difference
in atheroma volume in the treated cohort versus placebo [57]. In
the SUSTAIN trial, 172 patients with low HDL-C already on
statin therapy were randomized to RVX-208 or placebo, with
change in HDL-C levels as the primary efficacy marker. Both
of these trials analyzed the incidence of major adverse cardio-
vascular events (MACE) as a secondary outcome. Preliminary
results report a 55 % relative risk reduction in MACE (p=0.02)
in the RVX-208 cohort, with a larger beneficial effect in those
with diabetes (77 % relative risk reduction, p=0.01) [58].

Therapies mimicking ApoA-I or targeting ApoA-I metabolism
more directly modulate CEC without significant effects on other
lipids and will potentially be able to answer the critical question of
whether targeting efflux capacity can lead to clinical benefit.

Conclusions

Reverse cholesterol transport is a key anti-atherosclerotic
function of HDL and its main protein, ApoA-I.
Interrogation of the first critical step of reverse choles-
terol transport, macrophage-specific CEC, has revealed
significant inverse associations with coronary heart dis-
ease in multiple human cohorts. Modulation of CEC, and
more specifically, ABCA-1-specific CEC, may prove to
be an attractive therapeutic target to reduce cardiovascu-
lar risk.
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