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Paradoxical Association of Enhanced Cholesterol Efﬂux
With Increased Incident Cardiovascular Risks
Xin-Min Li, Wai Hong Wilson Tang, Marian K. Mosior, Ying Huang, Yuping Wu, William Matter,
Vivian Gao, David Schmitt, Joseph A. DiDonato, Edward A. Fisher, Jonathan D. Smith,
Stanley L. Hazen
Objective—Diminished cholesterol efﬂux activity of apolipoprotein B (apoB)–depleted serum is associated with prevalent
coronary artery disease, but its prognostic value for incident cardiovascular events is unclear. We investigated the
relationship of cholesterol efﬂux activity with both prevalent coronary artery disease and incident development of major
adverse cardiovascular events (death, myocardial infarction, or stroke).
Approach and Results—Cholesterol efﬂux activity from free cholesterol–enriched macrophages was measured in 2 case–
control cohorts: (1) an angiographic cohort (n=1150) comprising stable subjects undergoing elective diagnostic coronary
angiography and (2) an outpatient cohort (n=577). Analysis of media from cholesterol efﬂux assays revealed that the
high-density lipoprotein fraction (1.063<d<1.21) contained only a minority (≈40%) of [14C]cholesterol released, with
the majority found within the lipoprotein particle–depleted fraction, where ≈60% was recovered after apolipoprotein
A1 immunoprecipitation. Albumin immunoprecipitation recovered another ≈30% of radiolabeled cholesterol within this
fraction. Enhanced cholesterol efﬂux activity from ATP-binding cassette transporter A1–stimulated macrophages was
associated with reduced risk of prevalent coronary artery disease in unadjusted models within both cohorts; however,
the inverse risk relationship remained signiﬁcant after adjustment for traditional coronary artery disease risk factors only
within the outpatient cohort. Surprisingly, higher cholesterol efﬂux activity was associated with increase in prospective
(3 years) risk of myocardial infarction/stroke (adjusted hazard ratio, 2.19; 95% conﬁdence interval, 1.02–4.74) and major
adverse cardiovascular events (adjusted hazard ratio, 1.85; 95% conﬁdence interval, 1.11–3.06).
Conclusions—Heightened cholesterol efﬂux to apoB-depleted serum was paradoxically associated with increased
prospective risk for myocardial infarction, stroke, and death. The majority of released radiolabeled cholesterol
from macrophages in cholesterol efﬂux activity assays does not reside within a high-density lipoprotein particle.
(Arterioscler Thromb Vasc Biol. 2013;33:1696-1705.)

C

holesterol ester-laden macrophages, classically known
as foam cells, are prominent features of atherosclerotic
lesions and are widely recognized as an early cellular hallmark of atherosclerotic plaque development and lesion progression during coronary artery disease (CAD).1 Cholesterol
efﬂux from cholesterol ester-laden macrophages within the
artery wall, the ﬁrst and most likely rate-limiting step of the
reverse cholesterol transport pathway, is critical in maintaining intracellular cholesterol homeostasis.2 Circulating highdensity lipoprotein-cholesterol (HDLc) mass is inversely
associated with incident cardiovascular disease risks, yet
it is recognized to also serve as only a weak surrogate measure of HDL particle functionality in the reverse cholesterol
transport process.2,3 Recent genetic studies question the causal

relationship between low-circulating HDLc levels and heightened cardiovascular risks,4,5 and treatment strategies designed
to raise HDLc levels have thus far not improved hard (ie, myocardial infarction [MI], stroke, and death) outcomes.5–7 Despite
these issues, there is a general belief, and certainly a hope, that
measures of HDL particle function, beyond HDLc mass, may
provide additive clinical prognostic value, as well as serve as a
guide for therapeutics targeting apolipoprotein A1 (apoA1) or
HDLc elevation and the reverse cholesterol transport process.8

See accompanying article on page 1449
Recent clinical studies aimed at assessing functional
measures of HDL efﬂux activity have provided some hope
for the concept that HDL functional measures may provide

improved prognostic value or aid in monitoring HDL-targeted
therapies. Using polyethylene glycol (PEG) as a convenient
way to precipitate apolipoprotein B (apoB)–containing
lipoproteins from serum leaving apoB-depleted serum as a
surrogate for HDL functional measures, the collaborative
research team of Drs Rader, Rothblatt, and colleagues
recently reported that the cholesterol efﬂux measured from
free cholesterol (FC)–enriched cultured macrophages to
apoB-depleted serum as cholesterol acceptor was inversely
associated with the history of CAD independent of HDLc
levels.9 These seminal studies raise the exciting possibility
that assays that monitor some form of HDL functionality, as
opposed to HDLc mass, may provide important and clinically
relevant information.
Despite the exciting recent ﬁndings suggesting cell-based
measures of cholesterol efﬂux activity may provide enhanced
prognostic value for risk of prevalent CAD, it should be noted
that to date, there is no information available on the relationship between macrophage cholesterol efﬂux activity measures
from patient serum or plasma samples in large-scale clinical
studies and incident cardiovascular event risks (eg, future risk
for MI, stroke, or death). The use of cell-based measures in
large-scale clinical studies is difﬁcult and requires extreme
care to demonstrate reproducibility, linearity with respect to
time and concentration of intended measures, and characterization of assumptions inherent in what is being measured.
In the case of macrophage cholesterol efﬂux activity measurements, it is fair to say that there is limited information
reported on what activity measurements represent. For example, remarkably, analysis of what compartment (eg, HDL particle versus alternatives) within the media which radiolabeled
cholesterol tracer released from macrophages resides in is not
available. In the present studies, we attempt to answer several
of these questions and investigate the relationship of cholesterol efﬂux activity measurement using apoB-depleted serum
as cholesterol acceptor, and free radiolabeled cholesterol–
enriched macrophages as cholesterol donor, with both prevalent CAD and incident major adverse cardiovascular event
(MACE) risks (heart attack, stroke, or death).

Materials and Methods
Materials and Methods are available in the online-only Supplement.

Results
HDL Is a Minor Acceptor, and Lipid-Poor
ApoA1 Forms a Signiﬁcant Acceptor, of
[14C]Cholesterol in Media Recovered From
Macrophage Cholesterol Efﬂux Assays
Recent macrophage cholesterol efﬂux studies using patient
samples have used apoB-depleted serum as a surrogate for HDL
function by precipitating apoB-containing particles with addition of PEG.9,10 In initial control studies, we, therefore, sought to
examine 2 basic assumptions in macrophage cholesterol efﬂux
assays using PEG-treated serum: (1) the efﬁciency of PEG
induced apoB depletion and the impact of PEG treatment on
HDL-related parameters and (2) the compartments within the
media that macrophage derived [14C]cholesterol partitions into
(ie, what proportion of released radiolabeled cholesterol actually resides in a particle that has buoyant density characteristics

of an HDL particle or is associated with apoA1?). Multiple
serum samples from outpatient cohort and healthy volunteer
pools with normal HDLc and apoA1 levels (Table I in the
online-only Data Supplement) or an angiographic cohort (to
assess Lp(a) removal efﬁciency) were treated with PEG using
established methods to form apoB-depleted serum10,11 and then
analyzed. Quantitative removal of apoB and Lp(a) (essentially
no detectable remaining) and quantitative recovery of apoA1
(100.1±1.4%) and apoA2 (99.5±1.5%) were observed (Figure
I in the online-only Data Supplement). In addition, reasonably complete recovery of HDLc (89.2±4.6%), the activity of
the HDL-associated protein paraoxonase-1 (91.2±3.3%), and
albumin (99.7±1.4%) were observed (Figure I in the onlineonly Data Supplement). Separate control studies conﬁrmed the
integrity of apoA1-containing HDL after PEG treatment (ie,
that PEG treatment did not dissociate apoA1 from HDL) by
showing that compared with control (vehicle-treated HDL), no
signiﬁcant change in recovery of apoA1 in HDL versus the
d>1.21 fraction was observed in samples before versus after
PEG treatment and repeat buoyant density ultracentrifugation
isolation of the HDL fraction (Table II in the online-only Data
Supplement). Collectively, these control studies showed reasonable selectivity for both recovery of HDL-related parameters and complete removal of apoB and Lp(a)-containing
particles from apoB-depleted serum used for the macrophage
cholesterol efﬂux experiments.
We next sought to test the assumption that HDL serves as the
major acceptor of radiolabeled cholesterol in the macrophage
cholesterol efﬂux experiment, a prerequisite for claiming
that macrophage efﬂux experiments serve as a surrogate
measure of HDL functionality. For these studies, different
serum samples (n=4) from healthy volunteer pools were again
used (normal range HDLc and apoA1 for each sample; Table
I in the online-only Data Supplement). Cultured RAW264.7
macrophages were enriched with [14C]cholesterol as described
under Methods in the online-only Data Supplement, and then
apoB-depleted serum (1.4%) was used as cholesterol acceptor
for macrophages under basal conditions, as well as after
macrophage ATP-binding cassette transporter A1 (ABCA1)
stimulation as described under Methods in the online-only
Data Supplement. To separate the different lipoprotein
fractions from recovered media for scintillation counting, we
elected to use buoyant density isolation methods adjusting
density stepwise with the low salt D2O/sucrose methodology,
thus avoiding the chaotropic and high ionic strength issues
associated with KBr.12 Figure 1A illustrates the distribution
of recovered [14C]cholesterol in lipoprotein fractions within
media from radiolabeled cholesterol–enriched macrophages
under both basal (quiescent) state and on ABCA1 stimulation.
Unexpectedly, the HDL fraction (1.063<d<1.21) harbored
only a minority (≈42%) of [14C]cholesterol recovered in
media from apoB-depleted serum under both conditions,
with the majority of [14C]cholesterol (≈57%) found within
the lipoprotein-depleted fraction. Further examination of the
lipoprotein-depleted fraction within recovered media revealed
that ≈60% of the radiolabeled cholesterol was associated with
apoA1 and another ≈30% of radiolabeled cholesterol was
associated with albumin (Figure 1A; Figures II and III in the
online-only Data Supplement). Under basal condition, 38% of

Figure 1. A, Distribution of radiolabeled choles
terol found in various cholesterol acceptor serum
fractions, RAW264.7 macrophages were incubated
in the absence (basal) or presence (ATP-binding
cassette transporter A1 [ABCA1] stimulated) of
8-Br-cAMP as indicated with media containing
apoB-depleted serum (1.4% vol/vol) in cholesterol
efﬂux assays, as described in Methods in the onlineonly Data Supplement. Radiolabeled cholesterol in
the indicated lipoprotein and lipoprotein-depleted
fractions (densities are indicated) after stepwise
buoyant density ultracentrifugation was quantiﬁed
as described in Methods in the online-only Data
Supplement. The distribution of radiolabeled-cholesterol in lipoprotein-depleted media as assessed
after immunoprecipitation (IP) of apolipoprotein
A1 (apoA1) and albumin using anti-apoA1 mouse
monoclonal antibodies and antialbumin antibodies
as described in Methods in the online-only Data
Supplement. Results represent mean±SD for 4 separate experiments. B, (Left) Dose–response curves
of various sources of albumin (bovine and human
albumin from Sigma; fast performance liquid chromatography (FPLC) -isolated human serum albumin
[HSA] and FPLC-isolated and delipidated HSA) on
total cholesterol efﬂux in [3H]-cholesterol-loaded
RAW cells, and (right) isolated human apoA1. HDL
indicates high-density lipoprotein; LDL, low-density
lipoprotein; and VLDL, very low–density lipoprotein.

radiolabeled cholesterol was associated with apoA1 and 50%
of radiolabeled cholesterol was associated with albumin. Thus,
although HDL particles (1.063<d<1.21) are quantitatively
only a minor acceptor of cholesterol in macrophage cholesterol
efﬂux assays using apoB-depleted serum as cholesterol
acceptor, the assays clearly do reﬂect apoA1 functionality
in large part because 75% of total radiolabeled cholesterol
recovered within media from the cultured macrophages was
associated with apoA1.
Because of the somewhat surprising ﬁndings with human
albumin (or an albumin-associated protein) serving as a
quantitatively signiﬁcant acceptor of cholesterol under the
cholesterol efﬂux experimental conditions used, we elected
to perform further studies examining human serum albumin.
As shown, although a signiﬁcantly poorer acceptor of cholesterol than apoA1, human albumin, nonetheless, promoted
cholesterol efﬂux in a dose-dependent fashion with broad linear range (Figure 1B; see Figure IV in the online-only Data
Supplement for human serum albumin purity). Further, somewhat surprisingly, freshly isolated human serum albumin of
purity (>98%) even greater than that of commercial sources
showed up to 5-fold enhanced cholesterol acceptor activity.
Although the speciﬁc activity for cholesterol acceptor activity

for human albumin is much lower than that of apoA1 (≈280fold), because of its higher concentration, the predicted relative
contribution of albumin to total cholesterol acceptor activity is
approximately one-tenth that for apoA1 under normal plasma
concentrations of albumin and apoA1 (Table III in the onlineonly Data Supplement). Collectively, between apoA1 and
albumin, 88±1.5% of radiolabeled cholesterol acceptor activity was accounted for under basal (nonstimulated) conditions
and 90±2% with ABCA1 stimulation (Figure 1).

Further Characterization of Cellular
Cholesterol Efﬂux Activity Assay
We next decided to examine the conditions used for
cholesterol efﬂux activity assay using apoB-depleted serum
as cholesterol acceptor. The cholesterol efﬂux activity assay
used in the present studies is described in detail within
Methods in the online-only Data Supplement. Figure 2 and
Figures V and VI in the online-only Data Supplement provide
assay characteristics and compare and contrast the assay
used with different macrophage cell lines as well. Brieﬂy,
the assay format used is illustrated in Figure 2A following
methodology similar to that recently reported by Drs Rader,
Rothblat, and colleagues (Figure 2A).9,10 Here, macrophages

Figure 2. Cholesterol efﬂux assay methodology and characterization. A, General scheme of cholesterol efﬂux assay
used. B, Autoradiogram and quantiﬁcation of cellular [14C] free
cholesterol (FC) and [14C]cholesterylester (CE) found in [14C]
cholesterol-loaded macrophage RAW cells. C, Time course
of total cholesterol efﬂux to 2% serum, vol/vol (pool made
from random sampling of the indicated number [n] of patient
samples from the outpatient cohort and control serum pool,
high-density lipoprotein-cholesterol [HDLc] 59 mg/dL, used).
D, Dose-dependent efﬂux for total cholesterol from RAW264.7
cells incubated with the indicated ﬁnal concentration (vol/vol) of
apolipoprotein B (apoB)–depleted human serum as cholesterol
acceptor. Serum pools with different HDLc levels as indicated
were used. Values shown are an average of at least triplicate
measurements. E, Intra batch apoB-depleted serum total cholesterol efﬂux assay reproducibility was plotted as even plates
vs odd plates in the same batch, Spearman correlation coefﬁcient (R=0.89; P<0.001). ABCA1 indicates ATP-binding cassette
transporter A1.

(typically RAW264.7 cells, but also J774A.1 cells where
indicated) were labeled with [14C or 3H] cholesterol, and then
after stimulation of ABCA1 expression, cholesterol efﬂux
was measured by counting radiolabeled cholesterol recovered
in media containing apoB-depleted serum as cholesterol
acceptor. Although a proprietary acylCoA:cholesterol acyl
transferase inhibitor used by Drs Rader, Rothblatt, and
colleagues9,10 to prevent labeling of the cholesterol ester pool
was not available for use in the present studies, under the
conditions used, virtually all radiolabeled cholesterol loaded
into the macrophages was found to be free (98.6±0.5%),
with only 1.4±0.5% found within the cholesterol ester pool
(Figure 2B). Further assay characterization studies conﬁrmed
that the extent of cholesterol efﬂux activity measured from
the FC-enriched macrophage efﬂux assay was linear over the
time frame examined for both patient and healthy volunteer
pooled samples under the conditions used (Figure 2C).
Moreover, the ﬁnal apoB-depleted serum concentration used
in media in the present studies (2%) was chosen to be close
to that used by Rader, Rothblat, and colleagues (2.8% apoBdepleted serum),9 despite the fact that total ABCA1-stimulated
cholesterol efﬂux measured was within the curvilinear range
of the graph examining ﬁnal serum concentration versus efﬂux
measurement (Figure 2D). Figure 2E illustrates the intra batch
reproducibility of cholesterol efﬂux activity measures using
the FC-enriched macrophage cholesterol efﬂux assay with
apoB-depleted serum as the cholesterol acceptor from murine
macrophage RAW 264.7 cells, the preferred cell type used
throughout the duration of the studies. We selected the murine

macrophage RAW 264.7 cell for most studies because they
demonstrated, in our hands, better growing characteristics,
more reproducible cholesterol labeling, and improved
reproducibility of ﬁnal efﬂux measures, likely related to
improved adherence during wash steps. In addition, they
show a modestly higher ABCA1-dependent efﬂux. However,
because others have reported cholesterol efﬂux results using
J774A.1 macrophages, as an additional control, we performed
multiple control studies using macrophage cholesterol efﬂux
assays using identical samples comparing results between
murine macrophage RAW 264.7 cells and J774A.1 cells
(ﬁrst set of comparisons; Figure V in the online-only Data
Supplement). For these studies, apoB-depleted serum as
cholesterol acceptor was used from a random sampling of
subjects with documented CAD (n=36) and subjects without
known CAD (n=27) to ensure that comparable efﬂux results
were observed among both disease and nondisease subjects
using these distinct macrophage cell lines. As noted, both total
cholesterol efﬂux and ABCA1-dependent efﬂux activities
measured between these 2 cell lines under the conditions used
are highly correlated (for total cholesterol efﬂux: R=0.92,
P<0.001, for all subjects; and R=0.95 and 0.89, P<0.001 for
each, for CAD, and non-CAD). Additional control studies
showed that under the conditions used, interassay variations
for cholesterol efﬂux measures from plate to plate across
different days (control samples of 8 per plate, 304 plates total)
showed excellent reproducibility, with overall coefﬁcient of
variation=5.3% throughout the study samples (Figure VI in
the online-only Data Supplement).

stable angiographic cohort, but remained signiﬁcant within
the outpatient cohort (Figure 3A and 3B).

Conﬁrmation of Inverse Association Between
Cholesterol Efﬂux Activity and Prevalent CAD
Using ApoB-Depleted Serum as Cholesterol
Acceptor From FC-Enriched Macrophages

Paradoxical Finding of Positive Association
Between Enhanced Cholesterol Efﬂux
Activity and Increased Risk for Incident
Major Adverse Cardiovascular Events

The 2 study cohorts examined consisted of a total of 1727
subjects with baseline clinical characteristics summarized in
Table 1 according to cohorts and stratiﬁed by CAD status. As
expected, subjects with CAD in either the angiographic cohort
(cohort A) or the outpatient cohort (cohort B) had a greater
prevalence of cardiovascular risk factors, such as diabetes
mellitus, hypertension, smoking, elevated body mass index,
and more frequent use of cardiovascular drugs. Subjects with
CAD in both cohorts were more likely to have lower HDLc
and apoA1 levels.
As expected, cholesterol efﬂux activity to apoB-depleted
serum as cholesterol acceptor was inversely associated with
risk of prevalent CAD in unadjusted models within both the
stable angiographic cohort (unadjusted odds ratio, 0.60; 95%
conﬁdence interval [CI], 0.42–0.85; P<0.01) and the outpatient cohort (unadjusted odds ratio, 0.11; 95% CI, 0.06–0.20;
P<0.01; Figure 3A and 3B). After adjustment for traditional
risk factors, the inverse risk for prevalent CAD associated
with elevated cholesterol efﬂux was attenuated within the
Table 1

We next examined the relationship between cholesterol efﬂux
activity and incident risk for MACE (MI, stroke, or death)
over the ensuing 3-year period after sample collection from
subjects within the stable angiographic cohort, the only cohort
with longitudinal outcome data. Surprisingly, subjects in the
highest tertile of cholesterol efﬂux activity (relative to lowest
tertile) showed a signiﬁcantly higher risk for incident nonfatal
MI/stroke (unadjusted hazards ratio, 1.98; 95% CI, 1.04–3.78;
P<0.05) and increased risk of incident MACE (unadjusted
hazards ratio, 1.66; 95% CI, 1.07–2.58; P<0.05). These positive
associations remained signiﬁcant after adjustments for traditional
cardiovascular risk factors, with subjects having highest versus
lowest tertile of cholesterol efﬂux still showing increased risk of
incident MI/stroke (adjusted hazards ratio, 2.19; 95% CI, 1.02–
4.74; P<0.05) and incident MACE at 3 years (adjusted hazards
ratio, 1.85; 95% CI, 1.11–3.06; P<0.05; Figure 4).

Baseline Characteristics of the Case–Control Cohorts
Cohort A: Stable Angiographic Case–Control Cohort
(n=1150)

Characteristics
Age, y

Cohort B: Outpatient Case–Control Cohort
(n=577)

Controls (n=279)

Patients With
Angiographically
Conﬁrmed CAD
(n=871)

P Value

Controls (n=431)

Patients With CAD
(n=146)

P Value
<0.001

72±6

61±11

<0.001

53±15

59±11

Sex (men), %

54

67

<0.001

35

70

<0.001

DM, %

11

26

<0.001

6

30

<0.001

HTN, %

63

75

<0.001

26

66

<0.001

Smoking, %

54

69

<0.001

8

12

0.183

0

100

<0.001

0

100

<0.001

CAD, %
Total cholesterol,
mg/dL

161 (145–187)

164 (142–188)

0.784

199 (171–229)

179 (130–214)

<0.001

LDL, mg/dL

97 (82–113)

HDL, mg/dL

39 (32–46)

96 (79–117)

0.975

117 (94–145)

89 (61–131)

<0.001

33 (28–39)

<0.001

53 (45–65)

44 (36–52)

<0.001

Triglycerides, mg/dL
Albumin, g/dL

89 (69–128)

131 (96–189)

<0.001

112 (79–162)

136 (82–214)

3.9 (3.7–4.1)

4.1 (3.9–4 3)

<0.001

4.4 (4.2–4.6)

4.5 (4.2–4.7)

apoA1, mg/dL

0.001

125 (107–138)

116 (105–132)

<0.001

149 (131–169)

136 (121–146)

<0.001

apoA2, mg/dL

32 (28–35)

33 (29–36)

0.01

38 (34–43)

33 (27–38)

<0.001

9 (8–12)

8 (6–11)

<0.001

4 (2–8)

6 (2–8)

26.8 (24–31.4)

28.7 (26–32.2)

<0.001

ACE inhibitors

41

53

β-Blockers

43

72

Statin

32

71

Aspirin

58

83

Framingham ATP III
risk score
BMI, kg/m2

0.003

0.122

29.4 (24.7–34.1)

31.2 (27.4–34.1)

0.036

0.001

5

37

<0.001

<0.001

5

56

<0.001

<0.001

11

59

<0.001

<0.001

50

60

0.138

Baseline medications, %

ACE indicates angiotensin-converting enzyme; apo, apolipoprotein; BMI, body mass index; CAD, coronary artery disease; DM, diabetes mellitus; HDL, high-density
lipoprotein; HTN, hypertension; and LDL, low-density lipoprotein.

Figure 3. Forrest plot indicating prevalent coronary artery
disease (CAD) risk in stable angiographic and outpatient
cohorts. Apolipoprotein B–depleted serum as the cholesterol acceptor in cholesterol efﬂux assays. A, Relationship
between total cholesterol efﬂux activity and prevalent
CAD plotted from low to high tertiles in the angiographic
cohort. B, Outpatient cohort. Multilogistic regression model
included adjustments for age, sex, smoking, diabetes mellitus, hypertension, low-density lipoprotein-cholesterol, and
high-density lipoprotein-cholesterol levels. Patient sample
size (n) is indicated. The 5% to 95% conﬁdence interval (CI)
is indicated by line length.

The observation of higher cholesterol efﬂux being
associated with higher incident MACE risks was surprising.
We, therefore, examined the relationships between the
cholesterol efﬂux activity measured and HDL-related
parameters, as well as other blood-based assays. As expected,
strong and statistically signiﬁcant positive associations were
noted between cholesterol efﬂux activity measured and levels
of HDLc, apoA1, and apoA2 within both the angiographic
cohort and the outpatient cohort (Table 2). Further, the
magnitude of the observed positive associations was similar
to that previously reported using similar cholesterol efﬂux
activity assays with apoB-depleted serum as cholesterol
acceptor.9 In a further effort to understand the associations
observed between cholesterol efﬂux measures and lipoproteinrelated parameters, we stratiﬁed each cohort by the presence
versus absence of cardiovascular phenotypes (eg, CAD versus
non-CAD for both cohorts; and also presence versus absence
of incident MI/stroke or MACE in the stable angiographic
cohort where longitudinal outcomes were available). These
analyses still showed within each subgroup the anticipated
positive association between enhanced cholesterol efﬂux
measurement and enhanced level of HDLc, and HDL-related
lipoproteins apoA1 and apoA2 (Table IV in the online-only
Data Supplement). Thus, the cholesterol efﬂux measures
performed all showed positive associations, as expected, with
HDL and HDL-related lipoprotein measures within the entire
cohort and within the different subgroups.
In an additional series of analyses, we also thought it reasonable to examine whether traditional cardiovascular risk

factors associate with prevalent and incident cardiovascular
risks as anticipated in the stable angiographic cohort given
the unanticipated ﬁndings. Comparison of several recognized
cardiovascular risk factors and the cholesterol efﬂux measures
performed versus risk for prevalent CAD or incident (3 years)
MACE in multiple logistic regression models is shown in
Figure VII in the online-only Data Supplement. As expected,
diabetes mellitus, hypertension and smoking were each associated to increased risk of CAD and showed strong trend
toward increased risk of MACE, whereas HDLc level was
inversely associated with prevalent risk of CAD and showed
trend toward negative association with incident MACE risk.
Low-density lipoprotein-cholesterol in this cohort was not
associated with either CAD or MACE risk, a ﬁnding observed
previously and commonly seen among highly medicated
cohorts. Remarkably, total cholesterol efﬂux activity (here
modeled as continuous variable) showed strong trend toward
increased risk of CAD and signiﬁcant positive association
with incident risk of MACE at 3 years and with point estimate
for MACE risk similar in magnitude to that observed for diabetes mellitus, hypertension, and smoking (Figure VII in the
online-only Data Supplement).

Discussion
This study was initially intended to answer some presumably simple questions about cellular cholesterol efﬂux activity measures and incident risks for cardiovascular disease. In
the end, however, it has generated more questions than it has
answered. First and foremost perhaps is the question of what

Figure 4. Forrest plot indicating incident cardiovascular risks for the stable angiographic cohort. Relationship
between total cholesterol efﬂux activity and incident (3
years) risk of myocardial infarction (MI)/stroke (left) or
major adverse cardiovascular event (MACE; MI, stroke, or
death; right) plotted from low to high tertiles. Multilogistic
regression model included either no adjustments or adjustments for age, sex, smoking, diabetes mellitus, hypertension, low-density lipoprotein-cholesterol, and high-density
lipoprotein-cholesterol levels as indicated. The 5% to 95%
conﬁdence interval (CI) is indicated by line length.

Table 2. Correlation Coefﬁcients Between High-Density
Lipoprotein/Lipoprotein-Related Variables and Apolipoprotein
B–Depleted Serum Total Cholesterol Efﬂux Cholesterol Efﬂux
ApoB-Depleted Serum Total Cholesterol Efﬂux
Angiographic Cohort
(n=1150)

Outpatient Cohort (n=577)

HDL cholesterol

0.45 (P<0.001)

0.52 (P<0.001)

apoA1

0.56 (P<0.001)

0.61 (P<0.001)

apoA2

0.45 (P<0.001)

0.55 (P<0.001)

Albumin

0.04 (P=0.19)

−0.05 (P=0.236)

apo indicates apolipoprotein; and HDL, high-density lipoprotein.

exactly do radiolabeled cholesterol efﬂux activity assays as
recently reported and performed herein actually measure?
One simple yet key ﬁnding is the observation that the
majority of radiolabeled FC tracer released from cholesterolenriched macrophages does not reside within the HDL particle,
but rather, within the lipoprotein-depleted fraction after buoyant density removal of lipoprotein particles. This partitioning
was initially observed with traditional KBr-dependent buoyant density isolation of lipoprotein fractions from cell efﬂux
assay media (not shown). Because of concerns of lipoprotein
composition alterations and release of exchangeable lipoproteins from particles under the high salt concentrations that
exist during such isolation procedures, we, therefore, opted to
repeat all studies using the low salt, D2O/sucrose method for
lipoprotein ultracentrifugation isolations to minimize apoA1
shedding from the HDL particle. Despite this precaution, we
still observed the same surprising results that the majority of
counts reside within the lipoprotein-depleted fraction (Figure
1). Further analyses of the lipoprotein-depleted media fraction
remaining after removal of lipoproteins revealed ≈60% of the
counts are associated with apoA1, with a full 40% remaining
despite quantitative removal of apoA1. Thus, ≈75% of radiolabeled cholesterol interacts with apoA1 as cholesterol acceptor within media, but this observation also begs the question
of what the other major cholesterol acceptors are during the
cholesterol efﬂux activity assay.
To investigate which other proteins might participate
in cholesterol acceptance in these assays, we considered
other exchangeable lipoproteins (eg, apoE, apoCs, etc) or
amphipathic proteins, such as serum amyloid A, because
other exchangeable lipoproteins13 have been reported to also
be capable of serving as cholesterol acceptors, although their
contribution within the serum compartment remains to be
established. However, early on we performed immunoprecipitation studies for human albumin and observed that the vast
majority of residual counts in the lipoprotein-depleted media,
not counting the apoA1 contribution, could be accounted for
by albumin immunodepletion, hence we pursued this line of
inquiry in the present studies. We suspect signiﬁcant proportions of these counts bind directly to albumin, but also recognize that the albumin-associated proteome is vast, and think it
prudent to note that we cannot exclude the possibility that trace
levels of ≥1 albumin-associated (lipo)proteins with cholesterol acceptor activity (especially if comparable with apoA1,
which is ≈300-fold higher than albumin per gram of protein)

may coimmunoprecipitate with the albumin, and thus theoretically could contribute to a portion of the cholesterol acceptor
activity attributed to albumin. Our data with highly puriﬁed
albumin with no visible-associated lipoproteins clearly show
that albumin itself can promote cholesterol efﬂux, albeit at
a far poorer speciﬁc activity than apoA1. It is also interesting to note that other investigators recently noted recombinant human albumin can serve as cholesterol acceptor and
showed that several site-speciﬁc mutations can signiﬁcantly
reduce the cholesterol acceptor activity of the protein.14 It is
important to note that we observed different sources of human
serum albumin had signiﬁcantly different cholesterol acceptor
activity, suggesting that a conformationally intact albumin is
needed for full cholesterol acceptor activity.
Another question the present studies raise is whether
apoB-depleted serum even represents a reasonable estimate
of cholesterol acceptor activity within the vascular compartment. We chose to use apoB-depleted serum in the present
studies because the seminal studies of Khera et al9 suggested
that it might serve as a good functional measure of HDL and
might predict incident CVD risks. However, apoB-containing
lipoprotein particles are known acceptors of cholesterol,15,16
and red blood cells represent a dynamic pool for cholesterol
exchange and participates in reverse cholesterol transport.17
Recognition that HDL particles serve as only a minor acceptor (≈40%) of radiolabeled cholesterol within apoB-depleted
serum during the currently reported cholesterol efﬂux activity assay provides rationale to question whether such assays
serve as a surrogate measure for HDL functional activity. As
discussed below, the assay may reﬂect even more importantly
the lipid-poor apoA1 pool and its relationship to incident
MACE risk.
Perhaps the most surprising ﬁnding within this study is how
complex the relationship is between cellular cholesterol efﬂux
measurements and cardiovascular phenotypes (atherosclerotic plaque development, which is related to prevalent CAD,
versus plaque vulnerability-associated phenotypes, such as
incident MI/stroke or MACE risks). Review of the literature
reveals that prior studies have suggested possible complications to the simplistic view that measures of cholesterol efﬂux
activity are inversely related to cardiac risks. For example,
de Vries et al18 reported that studies using a ﬁbroblast cell
line in a small nested case–control design for cardiovascular disease observed that cholesterol efﬂux measures were
not signiﬁcantly correlated with cardiovascular events. In a
different study by Chirinos et al,19 cholesterol efﬂux activity
was measured in vitro using cultured human skin ﬁbroblasts
by incubation with serum from subjects undergoing coronary
angiography. Efﬂux in this assay was not measured by radiolabeled cholesterol liberated into media, but rather, by the ability
of serum to deplete the intracellular cholesterol pool available
for esteriﬁcation by the acylCoA:cholesterol acyl transferase reaction (ie, higher efﬂux was indicated by lower cellular acylCoA:cholesterol acyl transferase activity). Decreased
cellular acylCoA:cholesterol acyl transferase activity in this
small case–control study was independently positively associated with increased risk of MACE and death,19 similar to
the results observed in the present studies. In another small
study, cholesterol efﬂux to plasma from hypertriglyceridemic

patients with diabetes mellitus, subjects with a CAD risk
equivalent, was increased compared with efﬂux to plasma
from those with normotriglyceridemic or healthy controls.20
Finally, in a recent case–control study of obese subjects, plasmas from insulin-resistant individuals showed greater cholesterol efﬂux activity compared with subjects demonstrating
insulin sensitivity.21
Each of the above studies was small, used alternative cell
types, and alternative cholesterol acceptors (whole serum, or
plasma, and not apoB-depleted serum). They also looked at
different aspects of cholesterol efﬂux (either tracer studies
or cellular cholesterol mass in 1 case). But all underscore the
large number of possible assays and methodologies, and the
possibility that the selection of the cellular cholesterol efﬂux
system may be a critical determinant in performance of such
ex vivo HDL functionality assays. One strength of the present
studies is it large size, and the efforts made to perform assays
under conditions that closely mirror those of the seminal ﬁndings of Khera et al.9 It is worth noting that using such an assay,
and both study design and patient populations similar to that
recently reported,9 we too observed that cholesterol efﬂux
activity using apoB-depleted serum as cholesterol acceptor
and FC-labeled macrophages was inversely associated (unadjusted) with prevalent CAD status in both cohorts examined.
We also observed the anticipated positive associations between
cholesterol efﬂux measures and levels of HDLc, and HDLrelated lipoproteins (apoA1 and apoA2) within both cohorts
and within subjects with versus without various cardiovascular disease phenotypes. Two important differences between
this study and that recently reported9 are the selection criterion of patient cohort used and the distribution of cholesterol
efﬂux values within each population. In the previous report,9
the majority of the patients were a small subset selected from
2 much larger clinical studies and assigned to either case
or control status. In contrast, the main results reported here
(angiographic cohort) were obtained from sequential participants enrolled in the study GeneBank.22–26 The distribution of
values for cholesterol efﬂux was much broader in the case–
control study reported by Khera et al,9 with max/min ratio
equal to 8. In contrast, the sequential subjects from the angiographic cohort studied herein demonstrated a max/min ratio
for cholesterol efﬂux measures equal to only 3. This narrower
distribution of values likely contributes to the loss of statistical signiﬁcance in the relationship between CAD prevalence
and cellular cholesterol efﬂux after adjustment for other risk
factors in the angiographic cohort. Notably, in the sequential
outpatient cohort used in this study, we also observed a strong
inverse correlation that remained signiﬁcant after adjustment
for traditional risks factors between cellular cholesterol efﬂux
measured using apoB-depleted serum as cholesterol acceptor and the prevalence of CAD. Consequently, the strength
of relationship between prevalence of CAD and cholesterol
efﬂux seems to be cohort dependent.
However, a totally unanticipated observation was the positive association between increased cellular cholesterol efﬂux
measures and increased prospective risks for cardiovascular
events (MI/stroke and MACE). Control studies conﬁrmed that
macrophage cell type did not have signiﬁcant effect on the
cholesterol efﬂux measures because comparisons between

J774A.1 and RAW264.7 macrophages revealed highly correlated assay values among both patients and healthy control
subjects alike (Figure V in the online-only Data Supplement).
In a separate set of control studies comparing the 2 distinct
macrophage cell lines, similar results were observed—here
for apoB-depleted serum from 80 random subjects to compare total and cAMP-independent cholesterol efﬂux elicited
from either RAW 264.7 or J774A.1 cells (Figures VIII and
VIIII in the online-only Data Supplement). Under the conditions used, the absolute magnitude of the cAMP-independent
efﬂux was identical for both cell lines within the accuracy of
the assay and highly correlated (R=0.96; P<0.001). Although
the magnitude of the total cholesterol efﬂux in the presence
of cAMP was almost 2× higher for the RAW264.7 than for
J774A.1 cells, the correlation of results between those cell
lines remained excellent (R=0.91; P<0.001). The major difference between those 2 cell lines was the magnitude, both
absolute and relative, for the cAMP-dependent cholesterol
efﬂux. Results obtained with the J774A.1 cell line, described
above, are remarkably consistent with those published10 in a
methodological characterization of the assay that was subsequently used to characterize the relationship between prevalence of CAD and cholesterol efﬂux.9 This is true with regard
to both absolute magnitude of the cholesterol efﬂux and minor
contribution of the cAMP-dependent component to the total
cholesterol efﬂux (Figure 110). Further, it should be noted that
in separate analyses, the relationship between apoA1 levels
and incident MACE risk within the stable angiographic cohort
showed the anticipated inverse association, with subjects in
the lowest 5 percentile (<89 mg/dL) versus the highest 5 percentile (≥153 mg/dL) of apoA1 values having a frequency of
experiencing MACE (3 years) of 22.2% versus 10.2%, respectively. Thus, on the whole, congruent results were observed
with prior published studies using apoB-depleted serum and
the present studies, and the anticipated inverse relationship
between apoA1 levels and incident MACE risk.
Thus, perhaps the paradoxical relationship observed
between higher cholesterol efﬂux and higher prospective
risk for cardiovascular events in the present study is not
paradoxical at all. The name cholesterol efﬂux activity conjures images of an active function of the target cell, pumping
cholesterol into the media for a passively waiting acceptor.
Perhaps the name of the assay itself is somewhat of a misnomer. One interpretation of the present observations is that the
capacity of the media (in this case, apoB-depleted serum) to
accept cholesterol itself is an equally relevant measure and is
related to a subject’s propensity to develop vulnerable plaque
(ie, incident cardiovascular event risk). Indeed, enhanced
cholesterol acceptor capacity within the apoB-depleted
serum fraction was positively associated with increased
3-year incident risks for MI/stroke and MACE (MI/stroke or
death). It also begs mentioning that there may be a disconnect
between cholesterol efﬂux measures and the development of
atherosclerotic plaque, versus the development of vulnerable
plaque. Further examination of these relationships is clearly
warranted and in alternative types of patient populations. It
should also be noted that the magnitude of the positive association between the efﬂux measures made and prospective
risks for MI, stroke, or death in the present studies was quite

large and signiﬁcant. Moreover, it remained signiﬁcant with
minimal diminution after adjustments for traditional cardiovascular risk factors (Figure 4; Figure VII in the online-only
Data Supplement).
The present analyses are, to our knowledge, the ﬁrst larger
scale prospective study that determines the association of cellular cholesterol efﬂux activity using apoB-depleted serum as
cholesterol acceptor with both prevalent CAD disease risks
and future risks for experiencing MACE. We speculate that
ABCA1-dependent cholesterol efﬂux pathway may play
a key role in these apparently paradoxical results because
using apoB-depleted serum as cholesterol acceptor, ABCA1dependent cholesterol efﬂux activity represents a signiﬁcant
proportion of total efﬂux activity measured under the conditions used (where ABCA1 levels were stimulated). The use of
alternative efﬂux activity assays, whether following cholesterol mass or alternative cholesterol efﬂux pathways, may provide different results. The relationship between such analyses
and incident risks for MACE remains to be reported. Smaller,
lipid-poor pre-β-HDL particles, named for their electrophoretic behavior and not for their buoyant density, are reported
to be primary acceptors of cholesterol from the ABCA1 transporter in macrophages.3,11,27–29 Previous studies have reported
that ABCA1-dependent cholesterol efﬂux is correlated with
the concentration of pre-β-HDL.10 Further, pre–β-HDL is
reportedly positively correlated with coronary heart disease
and history of MI.30–32 These latter studies are not cellular
cholesterol efﬂux activity measures, but rather, quantify lipidpoor apoA1 forms, or in 1 case, cholesterol exchange into a
low molecular weight form apoA1-containing species as measured by an ultraﬁltration-isotope dilution technique.30–32 To
our knowledge, what proportion, if any, of pre-β-HDL particles have density of an HDL particle (between 1.063 and
1.21) is unknown. The majority of radiolabeled cholesterol
released to the media during the current cholesterol efﬂux
measurements, whether using basal or ABCA1-stimulated
macrophages, remained in the lipoprotein-depleted compartment, although a signiﬁcant portion of the counts within the
lipoprotein-depleted fraction was associated with apoA1. It is
conceivable that subject sera with greatest ability to accept
cholesterol may contain increased levels of lipid poor and not
HDL-associated apoA1 or other lipoproteins, although this
remains speculative and merits further investigation. Indeed,
lipoprotein subfractionation studies were not performed in the
present cohort and is another limitation of the present studies.
Whether such measures track with cholesterol efﬂux measures
with apoB-depleted serum as cholesterol acceptor, or incident
MACE risk, is a question that requires further investigation.
Examination of the correlations between cholesterol efﬂux
measures among the different subjects in the cohorts examined demonstrates an interesting trend in all subcohorts (Table
II in the online-only Data Supplement) for decreased strength
of the correlation between the cholesterol efﬂux measured
and the HDL-related parameter (HDLc, apoA1, and apoA2)
in disease versus nondisease subgroups, suggesting a weaker
(as a result of dysfunctional component?) association during
cardiovascular disease. It is noteworthy that we have shown
that oxidative modiﬁcation of HDL by the myeloperoxidase system leads to functional impairment (loss of ABCA1

cholesterol efﬂux activity) and loss of lipid binding function,
in general, for the oxidized apoA1.33
Recent large-scale genetic studies in humans raise doubts
as to whether genetic variants that control circulating HDLc
concentrations are causally linked to prevalent cardiovascular disease risks and atherosclerotic heart disease pathogenesis.4 These results, coupled with the recognition that HDLc
mass is not a reliable index of cholesterol ﬂux through the
HDL particle/pathway, have led for the search for assays that
both gauge HDL functions and may serve as aids in guiding
HDL and apoA1-targeted therapies currently under investigation. The present results challenge several established
views regarding the cellular cholesterol efﬂux activity assay
and point for the need of additional studies to better understand both what these assays are monitoring and how best
to monitor the many distinct functions of HDL in a practical manner amenable to translation into clinical studies, and
preferably, clinical practice. One last ﬁnding of the present
studies that is worth highlighting is the positive association
between measured cellular cholesterol efﬂux and incident
MACE risk observed. This relationship was quite strong
and remained signiﬁcant after multivariate adjustments. The
biological process(es) it measures seems to track with incident MACE risk. The genetic variants and key biochemical
determinants that control cholesterol acceptor capacity of a
subject (at least for apoB-depleted serum) warrant further
investigation, as do further studies examining the effect of
using alternative cholesterol acceptors, such as whole serum.
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Signiﬁcance
Despite observing diminished cholesterol efﬂux activity of apolipoprotein B–depleted serum is associated with prevalent coronary artery
disease, heightened cholesterol efﬂux to apolipoprotein B–depleted serum was paradoxically associated with increased prospective risk
for myocardial infarction, stroke, and death. The majority of released radiolabeled cholesterol from macrophages in cholesterol efﬂux
activity assays does not reside within an high-density lipoprotein particle, although 75% was associated with apolipoprotein A1. The present studies imply that subjects with apolipoprotein B–depleted sera with greatest capacity to accept cholesterol from cholesterol-laden
macrophages are at greatest prospective risk for myocardial infarction, stroke, or death. Further development and characterization of
high-density lipoprotein functional measures and their relationship with incident cardiovascular event risks are needed.
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Supplemental Figure I
Recovery of ApoA1, ApoA2, albumin, ApoB, PON1, HDL cholesterol and Lp(a)
after serum ApoB-depletion.

Serum samples from the outpatient cohort were treated with PEG 6000 to form
ApoB-depleted serum as described under Methods. For ApoA1, ApoA2, albumin,
ApoB, PON 1 and HDL cholesterol, data shown are from 20 random individual
sera before and after ApoB-depletion. For Lp(a), 12 individual sera from the
angiographic cohort with elevated Lp(a) levels ranging from 35 to 133 mg/dL
were used, and Lp(a) levels were measured before and after PEG treatment.
Results shown represent mean +/- SD.

Supplemental Figure II
Western-blot of load, flow through, wash and elution of immunoprecititation of
ApoA1 from lipoprotein-deficient medium and quantitative ApoA1 recovery.

In this study we sought to confirm quantitative recovery of ApoA1 under the
conditions employed to determine the amount of radiolabeled-cholesterol
associated with ApoA1. Briefly, media used in cholesterol efflux activity studies
was first separated by buoyant density centrifugation into various lipoprotein
fractions vs. the lipoprotein depleted media (LPDM, d>1.21). The LPDM was then
mixed with a cocktail of monoclonal antibodies specific to ApoA1 as described
under Methods. Following brief incubation, this mixture was then applied to an
immobilized Protein A resin column. The flow through fraction, wash and eluted
fraction were collected, volumes measured, and both radiolabeled cholesterol,
and the abundance of ApoA1 within each fraction determined. Shown above are
the Western blot analyses of the indicated fractions analyzed by SDS PAGE
using antibody specific for ApoA1. The calculated % recovery of ApoA1 from the
starting material (100% loading) is indicated on the Figure. Note that 97% of the
ApoA1 was removed from the starting (load) material, and 95% of the ApoA1
was recovered in the eluted fraction under the conditions employed to determine
the proportion of cholesterol bound to ApoA1 during the cholesterol efflux
studies.

Supplemental Figure III
SDS-PAGE of load, flow through, wash and elution of immunoprecipitation of
albumin from lipoprotein-deficient medium and quantitative albumin recovery.

In this study we sought to confirm quantitative recovery of albumin under the
conditions employed to determine the amount of radiolabeled-cholesterol
associated with albumin. Briefly, lipoprotein depleted media from cholesterol
efflux activity studies was mixed with a cocktail of polyclonal antibodies specific
to human albumin as described under Methods. This mixture was then applied to
an immobilized Protein A/G resin column. The flow through fraction, wash and
eluted fraction were collected, volumes measured, and both radiolabeled
cholesterol, and albumin abundance within each fraction determined. Shown
above are the analyses of the indicated fractions analyzed by SDS PAGE. The
calculated % recovery of albumin from the starting material (100% loading) is
indicated on the Figure. Note that 95% of the albumin was removed from the
starting (load) material, and 90% of the albumin was recovered in the eluted
fraction under the conditions employed to determine the proportion of cholesterol
bound to albumin (or albumin associated protein(s)) during the cholesterol efflux
studies.

Supplemental Figure IV
SDS-PAGE of various sources of albumin (listed left to right from the Marker
lane) including Bovine Serum Albumin (BSA) (Sigma), Human Serum Albumin
(HSA) (Sigma), FPLC isolated HSA and FPLC isolated and delipidated HSA.
Each sample lane was loaded with 5 Pg protein.

The purity of HSA and BSA were assessed from the indicated sources by
analyzing comparable amounts of protein per lane fractionated by SDS PAGE
and detected with Coomassie Blue staining. Human albumin (FPLC isolated +/delipidation) was isolated as described under Methods.

Supplemental Figure V
Comparison of ApoB-depleted serum cholesterol efflux activity from RAW
264.7 cells and J774A.1 cells. Cellular cholesterol efflux assays were
performed under conditions of ABCA1 stimulation as described in Methods using
murine macrophage RAW 264.7 cells and J774A.1 cells for direct head-to-head
comparisons. For these studies, serum was used from a random sampling of
subjects with documented CAD (n=36) and subjects without known CAD (n=27)
to determine whether comparable efflux activity results were observed among
both disease and non-disease subjects. All data points represent duplicate
experiments. R = Spearman correlation coefficient.

Supplemental Figure VI
Inter-batch ApoB-depleted serum total cholesterol efflux assay
reproducibility. Pools of serum representing low, medium and high HDL-c levels
were used in ABCA1 stimulated cholesterol efflux assays as described in
Methods. Data points represent at least triplicate determinations. Results were
plotted as month-month variability. R = Spearman correlation coefficient.

Supplemental Figure VII
Odds ratios for prevalent coronary artery disease risk, and hazard ratios
for incident major adverse cardiovascular risk according to cholesterol
efflux activity. ApoB depleted serum from subjects in the Stable Angiographic
Cohort were assayed for cholesterol efflux activity using ApoB-depleted serum as
cholesterol acceptor. Coronary artery disease (CAD); Results (n=1150) were fit
to a multiple logistic regression model with DM, HTN, smoking, LDLc, HDLc, age,
gender, total efflux. Major adverse cardiac events within 3 years (MACE3);
Results were fit to a Cox model with DM, HTN, smoking, LDL, HDL, age, gender,
total efflux. The 5-95% confidence interval is indicated by line length.

Supplemental Figure VIII
Direct comparison of total cholesterol efflux activity between RAW264.7
and J774A.1 cell lines. Cellular cholesterol efflux activity was measured under
conditions of ABCA1 stimulation as described in Methods using either murine
macrophage RAW 264.7 cells or J774A.1 cells for direct comparisions. For these
studies, ApoB-depleted serum was used from a set of 80 random subjects. Each
point represents the mean and range of replicate determinations for each cell
type.

Supplemental Figure VIIII
Direct comparison of cAMP-independent cholesterol efflux activity between
RAW264.7 and J774A.1 cell lines. Cellular cholesterol efflux activity was
measured in the presence vs absence of ABCA1 stimulation as described in
Methods using either murine macrophage RAW 264.7 cells or J774A.1 cells for
direct comparisions. ABCA1-independent cholesterol efflux activity is shown. For
these studies, ApoB-depleted serum was used from a set of 80 random subjects.
Each point represents the mean and range of replicate determinations for each
cell type.

Supplemental Table I
HDL related parameters for sera used to quantify radiolabel cholesterol
distribution in efflux assay

HDLc
( mg/dL)
Pooled sera A
Pooled sera B
Pooled sera C
Pooled sera D

67.4
59.3
56.8
61.4

ApoA1
( mg/dL)
173.0
156.1
151.8
163.3

LDLc
( mg/dL)
119.0
104.0
111.0
111.0

Total
cholesterol
( mg/dL)
200.2
180.9
186.5
193.0

These 4 sera pools represent data from pooled sera from multiple apparently
healthy volunteer subjects, each pool comprised of ~5 units of serum. They were
used to monitor the lipoprotein compartments into which radiolabeled cholesterol
partitions during the cellular cholesterol efflux activity assay and were also used
as controls during efflux activity assays. These were aliquoted and were used
after single thaw in every efflux assay performed in this report to ensure
consistency. Their HDLc, ApoA1, LDLc and total cholesterol levels were similar
to that of the healthy control subjects described in the outpatient cohort. HDLc,
ApoA1, LDLc and total cholesterol concentrations were determined as described
in Methods.
.

Supplemental Table II
Comparison of percentage distribution of ApoA1 in the fraction of HDL
(1.063<d<1.21) and the fraction having d>1.21 with versus without PEG.
HDL ( control)
87.7 ± 0.2

ApoA1 in HDL (%)
( 1.063<d<1.21)
ApoA1 in d>1.21 (%) 12.3 ± 0.2

HDL+PEG
89.2 ± 0.2
10.8 ± 0.2

Samples were processed and ApoA1 determined as described in Methods.

Supplemental Table III
Predicated cholesterol efflux acceptor activity and contribution in serum by
ApoA1 and albumin based upon specific activity of cholesterol efflux activity and
normal circulating concentrations
Specific activity of
serum
cholesterol efflux concentration
[%/(mg/ml) /15 hrs]
(mg/ml)
ApoA1
Albumin

Fold

2075.0
7.3

ApoA1 is 284 fold
better cholesterol
acceptor than
albumin

1.5
45.0

Albumin is
30-fold more
abundant
than ApoA1

Predicted total
cholesterol efflux
activity in serum
(% /15 hrs)
3112.5
329.0

% contribution to
total predicted
cholesterol efflux
activity in serum
90.4
9.6
At normal serum
levels, albumin is
predicted to
account for ~1/10th
as much
cholesterol
acceptor activity as
ApoA1

Supplemental Table IV
Correlation Coefficients between HDL/Lipoproteins-Related Variables and ApoBdepleted Serum Total Cholesterol Efflux

Variable

HDLc
ApoA1
ApoA2
Albumin

OutpatientandHealthyͲ
VolunteerCohort
NonͲCAD
CAD
(N=431)
(N=146)
0.55
0.31
(p<0.001)
(p<0.001)
0.63
0.43
(p<0.001)
(p<0.001)
0.47
0.55
(p<0.001)
(p<0.001)
Ͳ0.05
0.19
(p=0.322)
(p=0.064)

Angiographiccohort
NonͲCAD
(N=279)
0.55
(p<0.001)
0.58
(p<0.001)
0.49
(p<0.001)
0.05
(p=0.394)

CAD
(N=871)
0.41
(p<0.001)
0.55
(p<0.001)
0.45
(p<0.001)
0.07
(p=0.06)

MI/Stroke
(N=58)
0.3
(p=0.023)
0.53
(p<0.001)
0.46
(p<0.001)
Ͳ0.08
(p=0.54)

MACE
(N=113)
0.42
(p<0.001)
0.62
(p<0.001)
0.53
(p<0.001)
0.07
(p=0.457)
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General Procedures
ApoB-depleted serum was prepared by addition of PEG 6000 using
methods similar to that previously described Rothblat and colleagues1, 2. Briefly,
40 parts 20% PEG 6000 (QIAGEN Science, Germantown, MD) was added to
100 parts serum with gentle mixing, and then incubated at room temperature for
20 minutes. ApoB-depleted serum was then obtained by recovery of supernatant
following centrifugation (10,000 rpm, 30 minutes, 4qC). Apolipoproteins,
lipoprotein a (Lp(a)), albumin, complete lipid profiles (including direct LDL
cholesterol determinations) and cardiac troponin I levels were determined using
the Abbott Architect platform (Abbott Diagnostics, Chicago, Illinois). All lipid and
lipoprotein measurements employed FDA-cleared in vitro diagnostic assays, and
were performed in a CAP accredited and CLIA licensed laboratory that also
annually participates in the CDC lipid standardization program. VLDL
(1.006<d<1.019 g/ml fraction), LDL (1.019<d<1.063 g/ml fraction) and HDL
(1.063<d<1.21 g/ml fraction) were isolated from plasma, serum or tissue culture
media by sequential buoyant density ultracentrifugation using sucrose and D2O
to avoid high ionic strength associated alterations to protein compositions of
lipoprotein particles observed with KBr use3. The fraction remaining following
removal (floatation) of lipoproteins was called "lipoprotein-depleted" (LPD)
(d>1.21 g/ml). Fast protein liquid chromatography (FPLC)-based isolation of
human albumin was purified from fresh lipoprotein-depleted plasma by ion
exchange chromatography using Q-SepharoseTM XL resin ( GE Healthcare,
Uppsala, Sweden) with discontinuous salt gradient, and delipidation performed
using methanol:ether:chloroform as described4. The purity of FPLC isolated
albumin was characterized by SDS-PAGE and scanning densitometry of
Coomassie Blue stained gel, which showed >98% purity. Protein content was
determined by the Markwell-modified Lowry protein assay5. Paraoxonase activity
measures were performed as recently described6.
Cellular Cholesterol Efflux Activity Assays
Cholesterol efflux activity assays were performed essentially as recently
described by Khera et al7 except for a key change that radiolabeling counts were
monitored within both cell compartment and media for every sample (i.e. not just
within media and a handful of control samples for cell pellet). All assays
employed radiolabeled free cholesterol enriched cultured macrophages under
conditions that have nominal cholesterol ester (CE) labeling (similar to that in7),
and the procedures employed were similar to those previously described8, but
adapted for high-throughput screening. Briefly, macrophages (typically
RAW264.7; ATCC,Rockville, MD; though other macrophage cell lines as outlined
below were also employed) in 48- or 96-well plates were first plated, cultured and
loaded with 0.2 ȝCi/ml radiolabeled cholesterol (either [3H]-cholesterol (47.9
Ci/mmol, Perkin Elmer, Boston, MA) or [14C]-cholesterol (50 mCi/mmol, American
Radiolabeled Chemicals, St Louis, MO) in Dulbecco's modified Eagle's medium
(DMEM) (tissue culture core facility, Lerner Research Institute, Cleveland, OH)
for 24 hours at 37qC. The day after labeling, the cells were washed with
phosphate buffered saline, and then incubated in DGGB (DMEM supplemented

with 50 mM glucose, 2 mM glutamine, 0.2% BSA and 1% penicillin-streptomycin)
with (to induce ABCA1) or without 0.3 mM (final) 8-Br-cAMP(Sigma-Aldrich, St
Louis, MO) for 24 hours. Efflux to cholesterol acceptor (2%, v/v, ApoB-depleted
serum unless otherwise indicated) was measured after an additional 4 hours of
incubation in the presence of 8-Br-cAMP, with recovered media either briefly
centrifuged or passed through a glass filter to ensure removal of all potential
cellular debris. All efflux assays were performed with at least duplicate
determinations. Where indicated, instead of murine macrophage RAW 264.7
cells, J774A.1 (ATCC, Rockville MD) cells were used in RPMI media (tissue
culture core facility, Lerner Research Institute, Cleveland, OH). Separate one
time use aliquots from three different pools of sera (healthy controls with low
normal, mid and high HDLc levels) were included on each plate to allow for
monitoring of plate to plate and day to day variations. Overall intra- and interplate coefficients of variation were excellent, with 3.1-4.5% intra-batch, and 7.611.4% (depending on low, mid versus high HDLc control) inter-batch CVs
throughout the duration of analyses of all study samples. The relative cholesterol
efflux activity was calculated for each sample as the radioactivity in the medium
divided by total radioactivity (medium plus cell extracted from hexane/
isopropanol) in sample.
Immuno-precipitation of ApoA1 and albumin in lipoprotein-depleted media.
Lipoprotein-depleted media (d>1.21 g/ml) recovered from cholesterol
efflux activity measures was first mixed with a cocktail of mouse anti-human
ApoA1 monoclonal antibodies (homemade monoclonal antibodies 2D10.5,
4G11.2, 2H7, 6C8.1, 5H8.1, and 10G1.5, and a commercial mouse anti-human
ApoA1 mAb from BIODESIGN International) and then total IgG and IgG:ApoA1
complexes were quantitatively removed using immobilized protein A (Pierce,
Rockford, IL). Quantitative removal of ApoA1 was independently confirmed by
SDS-PAGE followed by Western blot analyses and scanning densitometry with
ApoA1 levels titrated in separate lanes for generating standard curve. Under the
conditions employed, 97% removal of ApoA1 from starting material/media, and
95% recovery in the eluted fraction was documented. Immunoprecipitation of
human albumin in lipoprotein-depleted media was similarly performed by first
adding purified anti-human albumin polyclonal antibody (Thermo Scientific,
Rockford, IL, catalog number PA1-65133), incubation, followed by removal with
protein A/G resin (Thermo Scientific, Rockford, IL). Analyses revealed albumin
removal (via immuno-precipitation) was near complete (~95% removed) with
overall recovery in eluted fractions being ~90%. For both ApoA1 and albumin
immuno-precipitation studies, parallel experiments employing non-specific
isotype control IgG antibodies were employed and revealed non-specific binding
to resins was negligible (<2%) under the conditions employed. Radiolabeled
cholesterol before and following ApoA1 and albumin removal were quantified by
liquid scintillation counting using a Beckman Scintillation Counter (Fullerton, CA).
Quantification of radiolabel in free vs. esterified cholesterol cellular pools.
The proportion of radiolabeled cholesterol in the cholesteryl ester (CE)

versus free cholesterol pools of cholesterol-enriched macrophages was
measured by first recovering radiolabeled sterols from cell pellets with sequential
(x 3) hexane/ isopropanol (3/2, v/v) extractions. The combined organic extracts
were dried under nitrogen, resuspended in chloroform/methanol (2/1, v/v), and
organic extracts spotted onto silica gel plates with preadsorbent strip (GE Life
Sciences, Piscataway, NJ). After brief drying of solvents with cool air using a hair
dryer, the thin layer chromatography plates were developed using hexane:diethyl
ether:acetic acid (70:30:1, v/v/v) in saturated tanks. The bands corresponding to
free cholesterol and CE were identified, scraped into vials, and radiolabel sterol
in each fraction quantified by liquid scintillation.
Study populations.
Serum samples and associated clinical data were collected from two
distinctively different populations, each of which were divided into a case:control
cohort based upon clinical evidence of CAD. CAD in all subjects was defined by
a clinical history of documented CAD, documented history of prior
revascularization, or history of MI confirmed by angiography records, EKG or
cardiac enzyme testing. For subjects in the angiographic cohort (see below),
CAD was also defined angiographically by 50% stenosis in one or more major
coronary vessels. All subjects studied gave written informed consent approved
by the Cleveland Clinic Institutional Review Board. The first cohort (Cohort A –
Angiographic Cohort; N=1150) was comprised of sequential participants enrolled
in the study GeneBank9-13, which consists of sequential stable subjects without
evidence of acute coronary syndrome (cardiac troponin I <0.03 ng/mL) who
underwent elective diagnostic coronary angiography (cardiac catheterization or
coronary computed tomography) for evaluation of CAD. All subjects had
extensive clinical and longitudinal outcomes data monitored, including
adjudicated outcomes over the ensuing 3 years for all participants after
enrollment. Major adverse cardiovascular event (MACE) was defined as death,
nonfatal MI, or nonfatal cerebrovascular accident (stroke) following enrollment.
The second cohort (Cohort B – Outpatient Cohort; n=577) was comprised of
sequential consenting subjects undergoing cardiac risk factor
evaluation/modification in an outpatient preventive cardiology clinic at the
Cleveland Clinic11, 14, as well as sequential consenting volunteers undergoing
health screenings that included demographics/medical history collection, physical
examination and blood laboratory testing. Serum samples were collected in all
subjects using serum separator vacutainer tubes. Whole blood was allowed to
clot at room temperature for 60 min, and then immediately placed into ice/water
bath until processing. For all samples (both cohorts), serum was isolated and
aliquots were frozen into cryovials at -80°C within 4 hours of time of blood draw.
Healthy volunteers provided serum that was pooled (at least n>5 units per pool)
and used as controls during efflux activity assays. Sera pools from healthy
volunteers were also used to monitor the lipoprotein compartments into which
radiolabeled cholesterol partitions during the cellular cholesterol efflux activity
assay. For these latter studies, all sera used showed normal range HDLc (>45
mg/dL) and ApoA1 (>150 mg/dL). For studies assessing the efficiency of PEG

depletion of Lp(a), a dozen samples from subjects in the angiographic cohort with
identified Lp(a) levels in excess of 30 mg/dL and as high as 133 mg/dL were
used.
Statistical Analyses.
Variables are expressed as mean ± standard deviation or median
(interquartile ranges [IQR]). Spearman’s correlation was used to determine
association between cholesterol efflux activities and fasting lipids/lipoproteins
and cardiovascular phenotypes. The main outcome measure is the association
of cholesterol efflux activity (using ApoB-depleted serum as cholesterol acceptor)
with prevalent CAD and prospective MACE at 3 years follow-up. Odds ratio (OR)
for prevalent CAD and corresponding 95% confidence intervals (CI) were
calculated using both univariate (unadjusted) and multivariate (adjusted) logistic
regression models. Hazard ratio (HR) for adverse incident cardiovascular events
(death, MI, stroke) and corresponding 95% CI were estimated using both
univariate (unadjusted) and multivariate (adjusted) Cox models. Adjustments
were made for individual traditional cardiac risk factors (including age, gender,
diabetes mellitus, hypertension, cigarette smoking, HDLc, low-density lipoprotein
cholesterol). All analyses were performed using R 2.13.1 (Vienna, Austria) and
p-values <0.05 were considered statistically significant.
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