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Importance of Evaluating Cell Cholesterol Influx With
Efflux in Determining the Impact of Human Serum on
Cholesterol Metabolism and Atherosclerosis

Ginny L. Weibel, Denise Drazul-Schrader, Debra K. Shivers, Alisha N. Wade,
George H. Rothblat, Muredach P. Reilly,* Margarita de la Llera-Moya*

Objective—Cholesterol efflux relates to cardiovascular disease but cannot predict cellular cholesterol mass changes. We
asked whether influx and net flux assays provide additional insights.

Approach and Results—Adapt abidirectional flux assay to cells where efflux has clinical correlates and examine the association
of influx, efflux, and net flux to serum triglycerides (TGs). Apolipoprotein B—depleted (high-density lipoprotein-fraction)
serum from individuals with unfavorable lipids (median [interquartile range]; high-density lipoprotein-cholesterol=39
[32—42], low-density lipoprotein-cholesterol=109 [97-137], TGs=258 [184-335] mg/dL; n=13) promoted greater ATP-
binding cassette transporter A I-mediated [1,2-*] cholesterol efflux (3.8+0.3%/4 hour versus 1.2+0.4%/4 hour; P<0.0001)
from cyclic 3°,5’-amp(CTP-amp)-treated J774 macrophages than from individuals with favorable lipids (high-density
lipoprotein-cholesterol=72 [58—88], low-density lipoprotein-cholesterol=111 [97-131], TGs=65 [56—69] mg/dL; n=10).
Thus, high TGs associated with more ATP-binding cassette transporter Al acceptors. Efflux of cholesterol mass (ug
free cholesterol/mg cell protein per 8 hour) to serum was also higher (7.06+0.33 versus 5.83+0.48; P=0.04). However,
whole sera from individuals with unfavorable lipids promoted more influx (5.14+0.65 versus 2.48+0.85; P=0.02) and
lower net release of cholesterol mass (1.93+0.46 versus 3.36+0.47; P=0.04). The pattern differed when mass flux was
measured using apolipoprotein B—depleted serum rather than serum. Although individuals with favorable lipids tended
to have greater influx than those with unfavorable lipids, efflux to apolipoprotein B—depleted serum was markedly higher
(6.81+0.04 versus 2.62+0.14; P<0.0001), resulting in an efflux:influx ratio of =3-fold. Thus both serum and apolipoprotein
B—depleted serum from individuals with favorable lipids promoted greater net cholesterol mass release despite increased
ATP-binding cassette transporter Al-mediated efflux in samples of individuals with high TGs/unfavorable lipids.

Conclusions—When considering the efficiency of serum specimens to modulate cell cholesterol content, both influx and
efflux need to be measured. (Arterioscler Thromb Vasc Biol. 2014;34:17-25.)

Key Words: coronary artery disease m high-density lipoprotein-1

he ratio of cholesterol efflux (removal from peripheral cells)

to cholesterol influx (uptake into peripheral cells) is critical
to cellular cholesterol homeostasis in health and diseases such
as atherosclerosis. Reverse cholesterol transport (RCT) is the
dynamic process by which excess cholesterol is removed from
peripheral tissues by extracellular acceptors and delivered to the
liver for excretion. High-density lipoprotein (HDL) plays a key
role in RCT as an acceptor of cellular cholesterol and promotes
efflux of cholesterol from cells to lipoprotein acceptors such
as HDL, considered the initial step of RCT.> Epidemiological
studies have established an inverse relationship between cir-
culating HDL-cholesterol (HDL-C) concentrations and the
risk of clinical cardiovascular disease (CVD),* an association

proposed to relate to the putative atheroprotective actions of
HDL including RCT. However, a recent study revealed a dis-
connect between genomic loci associated with higher plasma
HDL-C and the occurrence of myocardial infarction.! The find-
ings of this elegant work suggest that genetic variants uniquely
related to higher HDL-C may not reduce risk for myocardial
infarction, whereas, as expected, variants increasing plasma
low-density lipoprotein-cholesterol (LDL-C) do increase risk
for myocardial infarction." This study questions the proposed
atheroprotective role of total HDL-C in CVD.

Assays that measure free cholesterol (FC) efflux to extracel-
lular acceptors, such as HDL or serum, have provided useful
insights into mechanisms of cholesterol transport as well as
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Nonstandard Abbreviations and Acronyms
ABCA1 ATP-binding cassette transporter A1
apoB apolipoprotein B
cAMP cAMP
CE cholesteryl ester
CvD cardiovascular disease
FC free cholesterol
HDL high-density lipoprotein
LDL low-density lipoprotein
RCT reverse cholesterol transport
TG triglyceride
VLDL very low density lipoprotein

the possible role of HDL-mediated efflux in atherosclerotic
CVD independent of HDL-C levels.* A criticism of this estab-
lished approach, however, is that assays of FC efflux do not
capture the influx component of total cholesterol movement
and thus provide no information on changes in cellular choles-
terol mass. Cholesterol flux between cells and lipoproteins is
essential to maintain cell cholesterol homeostasis and overall
health. Physiologically relevant acceptors, such as lipopro-
teins, contain both FC and cholesteryl ester and promote both
efflux and influx, resulting in a bidirectional movement of
cholesterol between cells and lipoproteins.” FC efflux occurs
via ABC (ATP binding cassette) transporters, such as ABCAI,
ABCG1, and ABCG4, via the scavenger receptor class B type
I and via unmediated aqueous diffusion.®” ABCA1 mediates
FC efflux from macrophages to small, discoidal, lipid-free/
poor pre—3-HDL, and esterification of HDL-FC by lecithin-
cholesterol acyltransferase leads to mature, spherical phos-
pholipid-rich particles that promote further efflux of FC via
scavenger receptor class B type I, ABCGI, and aqueous dif-
fusion. In turn, enzymatic hydrolysis of HDL-phospholipids
from mature HDL can regenerate smaller particles with release
of apolipoprotein A-I. Influx of FC and cholesteryl ester can
occur by receptor-mediated selective uptake from mature HDL
and by uptake of intact lipoproteins via several mechanisms.

Although there are multiple pathways of cholesterol efflux,
the actual measurement of efflux is relatively simple. Efflux
measures movement of FC out of cells and can be monitored
by the use of fluorescent or radioactive labels that tag cellu-
lar FC pools.?? Influx involves the uptake of both FC and cho-
lesteryl ester from lipoproteins and also occurs via multiple
mechanisms such as whole particle uptake via pinocytosis, via
the LDL receptor, and via the scavenger receptor class A by
selective uptake of cholesteryl ester via receptors like scaven-
ger receptor class B type I and CD36 (a member of the class B
scavenger receptor family) and via aqueous diffusion of FC.!%13
In contrast to efflux assays, the quantification of lipoprotein-
mediated cholesterol influx is more complicated. Because cho-
lesterol in serum lipoproteins cannot be specifically tagged, its
movement into cells has to be measured indirectly. Moreover,
when physiological matrices, such as serum, are used, indi-
vidual lipoproteins and apolipoproteins contribute to both the
efflux and influx of cholesterol in a complex manner.

Here, we describe an adaptation of an established bidirec-
tional flux assay’ to obtain estimates of both components of

FC movement (influx and efflux) between serum and macro-
phages, cells that are of direct relevance to atherosclerosis.
We also report results obtained when we applied this assay
to investigate how the cholesterol content of macrophages
is affected by exposure to either serum or apolipoprotein B
(apoB)—depleted (HDL-fraction) serum from individuals with
high or low serum triglycerides (TGs). We focused specifi-
cally on individuals with high TGs and low HDL-C for the
following reasons. First, recent genomic studies suggest
that loci for lower HDL-C that associate with increased risk
of CVD also relate to increased serum TGs, whereas loci
uniquely associated with lower HDL-C have inconsistent
association with CVD."'*!5 Second, high serum TGs are an
independent risk factor for CVD'®!7; however, elevated serum
TGs are paradoxically associated with higher serum apoli-
poprotein Al (apoAl) in the pre—3-HDL-fraction, suggesting
that serum of individuals with high TGs may efficiently pro-
mote FC efflux from macrophages even if HDL-C is low.'®
To explore whether serum TGs could affect efflux capacity
by modulating the population of HDL acceptor particles, we
measured FC flux using apoB-depleted serum that eliminates
any direct contribution of apoB lipoproteins to flux and allows
us to better assess the effect of the HDL-fraction.

Materials and Methods

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

Measurement of Macrophage Bidirectional
Flux of FC Mass With Serum

To measure both the efflux and influx components of bidirectional FC
flux between serum and macrophages, we adapted a published method
using the FuSAH rat hepatoma cell line® to the J774 macrophage
model. Cells were radiolabeled as described for FC efflux assays (see
Materials and Methods in the online-only Data Supplement). Influx,
or cholesterol mass moving into the cell from serum, was estimated
from the decrease in the average specific activity (*H-cholesterol/pg
cholesterol per mg cell protein) of labeled cellular FC. Efflux, or
cholesterol mass moving out of the cells to serum, was estimated by
applying the average specific activity of FC in the cells to the cellular
radioactivity released during the 8-hour incubation with acceptors.
The fractional release of radioactive cellular FC was also determined.
The mass of cellular FC was measured by gas liquid chromatography
(GLC) using a standard method" in extracts of cells obtained before
(TO cells) and after 8-hour incubation with serum or apoB-depleted
serum. In this bidirectional flux assay, the net change in cellular FC
mass can both be measured (cellular FC remaining after 8 hours)
and predicted from the estimates of efflux and influx, thus serving
as a convenient quality control for net flux estimation. Arbitrarily,
we express net change in cellular cholesterol, net flux, as the differ-
ence between efflux and influx (efflux-influx) whereby net movement
out is positive net flux and net movement in is negative net flux. In
all experiments, a standard serum pool obtained from healthy donors
was included, and the flux values were standardized to flux values
obtained for this pool. All specimens were assayed in triplicate, and
the units of flux are pg FC/mg cell protein per 8 hour, unless other-
wise indicated.

Results
Correlation of Serum Triglycerides With
FC Efflux From Macrophages

High serum TGs are an independent risk factor for CVD'6 yet
paradoxically associate with increased levels of pre—3-HDL,
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an apolipoprotein A-I-containing particle that enhances
macrophage FC efflux,'® a measure of HDL-function.* To
explore the influence of serum TGs on serum efflux capac-
ity, we performed a retrospective analysis of the FC efflux
capacity (>4 hours) of apoB-depleted serum (HDL-fraction)
from a sample of individuals enrolled in the Penn HDL
Inflammation and Oxidation Study (PHINOX) (N=273). This
analysis of existing data showed a weak positive correlation
between FC efflux to apoB-depleted (HDL-fraction) serum
and serum TGs levels (Figure 1A). When the total sample
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Figure 1. Retrospective analysis of J774 macrophage free cho-
lesterol efflux in Penn HDL Inflammation and Oxidation (PHINOX)
study. The PHINOX study was designed to examine inflamma-
tory and oxidant factors related to high-density lipoprotein-cho-
lesterol (HDL-C) and subclinical atherosclerosis in healthy adults
as assessed by measures of intima-media thickness (IMT). Efflux
from macrophages to the apolipoprotein B-depleted serum from
these individuals showed an inverse relationship between efflux
and carotid IMT. The data collected from this study were further
analyzed to identify other serum factors that correlated to cho-
lesterol efflux. Cholesterol efflux values were plotted against
serum triglyceride values. A shows the entire population (N=273).
B shows the specimens with HDL-C >40 mg/dL (n=215). C shows
the specimens with HDL-C <40 mg/dL (n=58).
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was divided into individuals with HDL-C below (n=58) or
above (n=215) 40 mg/dL, the cutoff point at which HDL-C is
considered a risk factor for CVD,? there was no correlation
between serum TGs and FC efflux in those with HDL-C >40
mg/dL (Figure 1B). However, in the subgroup with HDL-C
<40 mg/dL, there was a significant and stronger positive
correlation between FC efflux and serum TGs (Figure 1C)
relative to the full sample, suggesting that TG-related fac-
tors contribute more to efflux to apoB-depleted serum when
HDL-C and HDL-derived particles are reduced.

To further explore this observation and examine the spe-
cific efflux pathway underlying the association between serum
TGs and FC efflux from J774 macrophages, we selected 2
groups of individuals from the Penn Diabetes Heart Study
(PDHS) cohort, matched for age, sex and race, with either
favorable lipids (low TG-VLDL/normal HDL-C; n=10) or
unfavorable lipids (high TG-VLDL/low HDL-C; n=13; Table
I in the online-only Data Supplement). Table 1 summarizes
the HDL-C, LDL-C, VLDL-C, TG, and apoB composition
of serum from these individuals as well as the total choles-
terol, TG, and apoB values from the apoB-depleted serum.
We obtained >98% depletion of apoB, regardless of serum TG
content. Recoveries of apoB and TGs in the apoB-depleted
serum from individual serum specimens are given in Table II
in the online-only Data Supplement. The serum LDL-C val-
ues (median [interquartile range]) for these 2 groups were the
same (in low TG-VLDL/normal HDL-C participants, LDL-
C=111 [97-131]; in high TG-VLDL/low HDL-C participant,
LDL-C=109 [97-137]; P=0.97; Table 1). In addition, all
PDHS subjects with unfavorable lipids except 2 of 10 with
favorable lipids fulfilled criteria for definition of the meta-
bolic syndrome,” a setting of inflammation and metabolic

Table 1. Serum Lipid Profile of Selected Groups
High TG-VLDL/Low Low TG-VLDL/Normal
HDL-C (n=13) HDL-C (n=10)
Median (IQR) Median (IQR) *PValue
Whole serum
HDL-C 39 (32-42) 72 (58-88) <0.0001
VLDL-C 57 (46-68) 9 (6-13) <0.0001
TGs 258 (184-335) 65 (56-69) <0.0001
LDL-C 109 (97-137) 111 (97-131) 0.97
ApoB 108 (82—125) 81 (70-82) 0.02
ApoB-depleted serum
Cholesterol 36 (23-27) 52 (36-58) 0.0001
TGs 22 (18-22) 15 (13-17) 0.002
ApoB 1(0-1) 1(1-2) 0.36

The Penn Diabetes Heart Study was designed to evaluate new risk factors
related to heart disease in Type 2 diabetics and provided serum selected for high
or low serum triglycerides (TGs) and very low density lipoprotein-cholesterol
(VLDL-C) and low or normal high-density lipoprotein-cholesterol (HDL-C) from
individuals matched for age, sex, and race. A subset was selected for the current
study. The groups chosen represent individuals with similar normal low-density
lipoprotein-cholesterol (LDL-C) and either a favorable (low TG-VLDL/normal
HDL-C; n=10) or an unfavorable (high TG-VLDL/low HDL-C; n=13) lipid profile.
ApoB indicates apolipoprotein B. Because data were not normal in distribution,
lipid values (mg/dL) are presented as median and interquartile range (IQR), and
statistical comparisons used the Mann—Whitney U test*.
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dyslipidemia® previously linked to changes in serum efflux
capacity and HDL-function. %

Using these sera, we measured total (Figure 2A) and
ABCA1-mediated (Probucol-sensitive,”® see Materials and
Methods in online-only Data Supplement; Figure 2B) *H-FC
efflux from macrophages to apoB-depleted serum samples.
Total efflux to apoB-depleted serum was equivalent in both
experimental groups. However, we found that the group with
the unfavorable lipid profile (high TG-VLDL/low HDL-
C) had greater ABCAl-mediated FC efflux to this HDL-
fraction than the group with favorable lipids (Figure 2B). This
ABCA1-mediated efflux represented 47% of the total release
of *H-FC from J774+cyclic 3°,5-amp(CTP-amp) (cAMP)
macrophages in the high TG-VLDL/low HDL-C group com-
pared with 12% in the low TG-VLDL/normal HDL-C group
(47£2.6%, n=13 versus 12+4.6%, n=10; P<0.0001). Although
this assay measures movement of tracer FC (*H-FC) and not
actual mass of FC, the observation that high TG-VLDL/low
HDL-C apoB-depleted sera enhances ABCA1-mediated FC
efflux from macrophages suggests an efflux driven reduction
in cellular FC after incubation with the HDL-fraction of high
TG-VLDL/low HDL-C sera. This conclusion, however, does
not take into account the extent of FC influx, a vital compo-
nent of cellular cholesterol homeostasis under normal physi-
ological circumstances in vivo.

Characterization of the Bidirectional Flux

Assay to Measure Movement of FC Mass

Between J774 Macrophages and Serum

When cells are incubated with serum, the net flux of cellular
cholesterol, that is, the difference between efflux and influx,
can result in either net accumulation or net loss. We have
shown that measures of radioactive FC efflux from either
FC-normal or FC-enriched cells provide an estimate of the rel-
ative ability of serum to promote cholesterol release or efflux
potential* but isotopic efflux reflects the change in cellular
cholesterol mass only when donor cells are enriched in FC.”
To develop an assay for efflux and influx of cholesterol using
J774 macrophages, we first determined the optimal conditions

in the J774 model for our bidirectional assay. Bidirectional
FC flux was compared under 4 distinct conditions: FC-normal
and FC-enriched J774 cells each with or without cAMP pre-
treatment (Figure 3A-3D). As expected, both cAMP pretreat-
ment and FC enrichment of J774 cells (Figure 3B and 3D)
increase efflux and net flux outward of cellular FC?’; cAMP
induces greater ABCAI1 efflux, whereas cellular FC enrich-
ment also upregulates ABCA1 and reduces influx (Figure 3C
and 3D). Figure I in the online-only Data Supplement further
illustrates that FC enrichment increases the efflux arm of bidi-
rectional flux whereas decreasing influx. Thus, whereas the
ratio of efflux to influx in FC-enriched cells is close to 5, it
approaches 1 in FC-normal cells. In addition, in this experi-
ment (n=21), influx positively correlated with LDL-C levels in
FC-normal cells (r>= 0.104; P=0.010) but not in FC-enriched
cells (r’=0.037, NS), suggesting that FC enrichment blunts
the influence of LDL-C on cellular cholesterol levels. Table
III in the online-only Data Supplement shows the interassay
variability obtained when 2 different serum specimens from
healthy donors as well as a standard pool were assayed in 3
separate experiments. The coefficients of variation for influx
were 8% for untreated and 7.5% for cells treated with cAMP,
whereas the coefficients of variation for efflux averaged 13%
and 6.5% for untreated and cAMP-treated cells. Thus, we
chose FC-normal cells pretreated with cAMP (Figure 3B)
as the preferred model to test serum samples because of its
intermediate phenotype in net flux and its superior reproduc-
ibility and sensitivity (see Figure I and Table III in the online-
only Data Supplement). Furthermore, FC-normal cells may
reflect dynamic interactions (both influx and efflux) of serum-
derived lipoprotein particles with macrophages that are not
as yet cholesterol-loaded foam cells during the initiation and
progression of early atherosclerosis.

Before applying this macrophage bidirectional flux assay,
additional validation was undertaken by using test incubations
to promote either greater efflux or influx. Figure IIA in the
online-only Data Supplement shows that when FC-enriched
cells treated with cAMP were incubated with increasing con-
centrations of either serum or apoB-depleted serum from

A 9 p=NS
] . High TG-VLDL Low HDL-C
37 —— £ Low TG-VLDL Normal HDL-C

6
54

% Total Efflux i
o

p < 0.0001

I High TG-VLDL Low HDL-C
= Low TG-VLDL Normal HDL-C

Figure 2. Total and ATP-binding cassette trans-
porter A1 (ABCA1)-mediated free cholesterol
efflux from J774 macrophages to apolipoprotein

B (apoB)-depleted serum in Penn Diabetes Heart
Study serum samples. [*H]-cholesterol-labeled
J774+cAMP cells were incubated with apoB-
depleted serum at 3.5% (equivalent to 2.5% serum
dilution) for 4 hours. Total efflux was measured at
4 hours (A). ABCA1-mediated efflux from macro-
phages to apoB-depleted serum was measured

as described in the Materials and Methods section
(B). Release of [*H]-cholesterol into the medium
was determined and compared with the total [°H]-
cholesterol in the cell before the efflux period, and
Probucol was used to obtain ABCA1-specific efflux.
NS=not significant.
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healthy donors, both the efflux and net outward flux of FC
(efflux-influx) increased but there was little effect on influx.
Importantly, the net loss of FC calculated from the estimates
of efflux and influx agreed with the change in cell FC mass
directly measured by gas liquid chromatography (Figure IIB in
the online-only Data Supplement). Figure 4 shows that when
FC-normal J774 cells treated with cAMP were incubated with
serum supplemented with acetylated low-density lipoprotein,
the influx of FC significantly increased with increasing concen-
trations of acetylated low-density lipoprotein but efflux did not
change significantly. The results shown in Figure 4 and Figure
I in the online-only Data Supplement were expected but, taken
together, demonstrate the reliability of our estimates of both
the efflux and influx components of bidirectional flux between
J774 macrophages and diluted human serum specimens.

Influence of High TG and Low HDL on
Bidirectional FC Flux From Macrophages

We applied this bidirectional J774 macrophage FC flux assay
to both apoB-depleted (HDL-fraction) and diluted whole

| = Influx
154 = Efflux
= Net Flux

serum from PDHS individuals having favorable or unfavor-
able lipid profiles as described in Table 1. Even after deplet-
ing the apoB-containing lipoproteins from serum, significant
FC influx occurred (Table 2; 1.32+0.28 pg FC/mg cell protein
per 8 hour for the unfavorable lipid group and 2.12+0.45 pg
FC/mg cell protein per 8 hour for the favorable lipid group).
However, compared with the group with the favorable lipid
profile, FC efflux to the apoB-depleted (HDL-fraction) serum
from the group with unfavorable lipids was significantly
reduced (2.62+0.14 versus 6.81+0.04 pg FC/mg cell pro-
tein per 8 hour; P<0.0001). As a result, the group with the
favorable lipid profile promoted a significantly higher net flux
outward of FC mass from macrophages (4.65+0.25 versus
1.28+0.19 ng FC/mg cell protein per 8 hour; P<0.0001).
Compared with individuals with a favorable lipid profile,
apoB-depleted serum from individuals with unfavorable lip-
ids promoted similar total and more ABCA1-specific efflux
of *H-FC in 4 hours (Figure 2B). However, this HDL-fraction
promoted less release of actual FC mass during a longer
incubation (Table 2), indicating that in some populations

Figure 4. Validation of free cholesterol (FC) bidi-
rectional flux estimates in J774 macrophages.
Cholesterol-normal J774 cells treated with cAMP
were incubated with a pool of human serum
obtained from healthy donors or the same serum

"'_-l_ll-w-l

ng Cell FGimg Cell Protein/8h
]
]

-20- 2.5% HS 2.5% HS

+10pg/ml AcLDL

II_IK -

2.5% HS
+25g/ml AcLDL

pool supplemented with acetylated low-density
lipoprotein LDL (AcLDL) to increase cellular choles-
terol mass and an acetyl-cholesterol O-acyl trans-
ferase inhibitor to prohibit formation of cholesteryl
esters. The initial value for cellular cholesterol was
11.21+0.049 pg/mg cell protein. The net changes
in cell cholesterol as measured by gas liquid chro-

matography were 14.07+3.76 and 22.57+1.97 pg/mg cell protein for cells incubated with 10 and 25 pg/mL of AcLDL, respectively. The
calculated net change (shown in graph) was —13.87+1.18 and —-16.9+0.49 png/mg cell protein for cells incubated with 10 and 25 pg/mL of
AcLDL, respectively. The influx (solid bar), efflux (open bar), and net flux (defined as efflux-influx; hatched bar) of cellular cholesterol were
obtained as described in the Materials and Methods section. Values shown are averages of triplicate measures.
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Table 2. Summary of Bidirectional Free Cholesterol Flux
Values to ApoB-depleted Serum or Whole Serum

High TG-HDL/Low Low TG-HDL/Normal

HDL- C (n=13) HDL-C (n=10)
Mean+SEM Mean+SEM *PValue

ApoB-depleted serum

Efflux 2.62+0.14 6.81+0.04 <0.0001

Influx 1.32+0.28 2.12+0.45 0.13

Net flux 1.28+0.19 4.65+0.25 <0.0001
Whole serum

Efflux 7.06+0.33 5.83+0.48 0.04

Influx 5.14+0.65 2.48+0.85 0.02

Net flux 1.93+0.46 3.36+0.47 0.04

Flux values were obtained as described in the Materials and Methods section
and represent free cholesterol (FC) flux between FC-normal J774+ cAMP-
treated cells and serum from 2 groups defined by their lipoprotein profile
as described in Table 1. ApoB indicates apolipoprotein B; HDL, high-density
lipoprotein; and TGs, triglycerides. ApoB-depleted serum was used at 3.5%,
equivalent to the 2.5% whole serum dilution used. All values represent average
of triplicate determinations. Because flux data (ug FC/mg cell protein per 8 h)
were normal in distribution, values are presented as mean+SEM, and statistical
comparisons used the *Student ¢ test.

measurement of tracer cholesterol will not accurately predict
cholesterol mass movement over time.

The results are more complex, yet striking, when whole
serum (not depleted of apoB) was used. Serum from the group
with the unfavorable lipid profile promoted greater FC efflux
from cAMP-treated J774 macrophages than serum from indi-
viduals with the favorable lipid profile (Table 2). However,
influx from serum of the group with unfavorable lipids was
almost twice that obtained with the group having favorable
profiles; thus net outward FC flux to serum for the group with
unfavorable lipids was significantly lower than that for the
group with favorable lipids (1.93+0.46 versus 3.36+0.47 pg
FC/mg cell protein per 8 hour, respectively, P<0.04). These
results underscore the importance of measuring both compo-
nents of bidirectional flux, not just FC efflux, in determining
the overall impact of specific lipoproteins and serum speci-
mens on macrophage FC flux and cholesterol homeostasis.
Although high serum TG-VLDL associates with increased
efflux of isotopic FC via ABCAI, our estimates of bidirec-
tional flux suggest that with time this serum profile would
promote accumulation of cellular cholesterol mass, con-
sistent with the observed association of increased TGs with
atherosclerosis.

Discussion
Cholesterol represents a striking paradox; it gives plasma
membranes the physical characteristics necessary to maintain
cellular integrity and life and yet, in excess, it results in athero-
sclerosis CVD, the leading killer in the Western world.? The
process by which excess cholesterol is removed from cells by
extracellular acceptors such as HDL is called efflux. Indeed,
efflux of cholesterol from peripheral cells is thought to be the
first step in RCT, the process by which excess cholesterol is
removed from the body.” Because the health of an organism
is intimately linked to cellular cholesterol levels, the process

of cholesterol efflux has garnered much attention. In fact, the
capacity of apoB-depleted human serum samples to promote
cholesterol efflux from J774 cells was recently shown to be an
inverse correlate of carotid intima-media thickness and coro-
nary artery disease independent of HDL-C levels.*

Cellular cholesterol movement, however, is bidirectional.
Cholesterol not only effluxes out of cells, but it is also moves
into cells (influx). As mentioned above, efflux and influx occur
through various regulated processes as well as by aqueous dif-
fusion. The balance of cholesterol in a cell is not only depen-
dent on how much cholesterol goes out, or efflux, but also how
much comes in, or influx. The difference between efflux and
influx yields the total or net flux of cholesterol, which we have
defined as positive (if there is net efflux, ie, efflux > influx)
or negative (if there is net influx, ie, influx> efflux). Ideally,
cholesterol influx as well as efflux should be considered when
studying the capacity of serum or lipoproteins to regulate cel-
lular cholesterol homeostasis.

A retrospective analysis of efflux to apoB-depleted serum
(HDL-rich fraction) obtained from PHINOX study individu-
als, a study that showed that "H-FC efflux from macrophages
inversely correlated with carotid atherosclerosis and coronary
artery disease,* indicated that there was a modest positive cor-
relation between increasing serum TG levels and the capac-
ity of an individual’s serum to promote cholesterol efflux. At
face-value, this result seems counterintuitive because high
TGs are typically associated with higher cardiovascular risk.
We analyzed the data further by dividing this population into
individuals with low HDL-C and those with normal HDL-C.
Interestingly, there was no correlation between efflux and TGs
in the individuals with normal HDL-C levels. The correlation
seen in the whole population seems to be driven by the more
pronounced correlation between efflux and TGs in individuals
with the low HDL-C, perhaps suggesting efflux efficiency is
not simply a function of HDL-concentration. In these individ-
uals, factors related to the metabolism of increased TG-rich
lipoproteins may result in a population of acceptors and HDL
skewed toward particles that are efficient ligands for choles-
terol transporters.

Next, we studied an independent sample from PDHS with 2
groups of individuals specifically selected for either favorable
lipid profile (low TG-VLDL/normal HDL-C) or unfavorable
profile (high TG-VLDL/low HDL-C). Interestingly, apoB-
depleted serum from the group with the unfavorable lipid
profile had greater ABCAl-mediated '"H-FC efflux than the
group with the favorable lipid profile (Figure 2). This result is
consistent with a previous report that individuals with elevated
TG-VLDL levels have increased levels of pre—3-HDL.!830
Despite the positive association of serum TGs with apparently
atheroprotective ABCA1-mediated efflux, both high serum
TGs and, notably more recently, high serum pre—f3 levels are
positively correlated with increased atherosclerotic CVD in
epidemiological studies.*3'** Thus, it seems that macrophage
"H-FC efflux data cannot be interpreted in isolation presum-
ably because it neglects to account for macrophage FC influx,
a vital component of cellular cholesterol homeostasis and
likely disease mechanism for atherogenic lipoproteins. We
have not addressed the specific biological mechanisms that
lead to the presence of particles with increased efflux capacity
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in patients with high TGs but note that the PDHS participants
with unfavorable lipids also had the metabolic syndrome.
Thus, abnormalities described in this syndrome, including
insulin resistance, chronic inflammation,”>* increased phos-
pholipid transfer protein activity,”**° and altered lipase activ-
ity, as we have described,” may contribute to altered serum
efflux capacity in these individuals.

Past experiments have focused on measuring efflux of cho-
lesterol using radioisotopes to trace cholesterol movement out
of cells. Although these studies have yielded valuable infor-
mation on the mechanism(s) of cholesterol efflux, it is note-
worthy that often cholesterol efflux values do not predict the
level of cholesterol in the cell. Previously, we have described
an assay for measuring bidirectional cholesterol flux in an
Fu5AH rat hepatoma cell line.> With this assay, cholesterol
efflux as well as cholesterol influx can be measured, thereby
obtaining a more complete estimate of the cholesterol status
of the cell. Because macrophages are relevant to the process of
atherosclerosis, we adapted this assay to J774 macrophages, a
model with established clinical relevance,* and used it to study
serum from selected human samples.

The assay measures cholesterol flux by using radiolabeled
cholesterol to detect cholesterol movement. Cholesterol influx
is measured by changes in specific activity of radiolabeled cho-
lesterol and cholesterol mass measurements. As well, efflux of
FC mass can be estimated from specific activity of cellular FC
and the radioactivity released. After adapting the assay for use
with macrophages, we measured the interassay variation of
the bidirectional flux assay and obtained values <10%, espe-
cially with cAMP-treated cells (Table III in the online-only
Data Supplement). We validated the assay by varying serum
composition, cholesterol status of the cell, and by using cells
stimulated with or without cAMP (which upregulates ABCA1;
Figures 3 and 4). We chose cAMP-treated, FC-normal cells
because when tested this model demonstrated an intermediate
phenotype relative to FC flux and less variability (Figure I and
Table III in the online-only Data Supplement). In addition, we
have shown that cAMP-treated, FC-normal J774 cells express
all the known pathways that promote cholesterol flux between
cells and cholesterol acceptors in serum. Furthermore, they
provide a model of peripheral cells®® poised to maintain cho-
lesterol homeostasis or accumulate cholesterol and potentially
become foam cells on long-term exposure to an unfavorable
lipoprotein profile. Although the efflux of radioactive FC to
either apoB-depleted or diluted serum was significantly corre-
lated to the efflux of FC mass released to the same specimens,
we found that in some instances efflux does not actually pre-
dict the net movement of cholesterol because of a large and
variable influx component (Figure 2, Table 2, and Figure 4).

When the bidirectional flux assay was applied to serum of
individuals specifically selected for either high TG-VLDL/
low HDL-C (unfavorable) or low TG-VLDL/normal HDL-C
(favorable) lipid profiles (Table 1), we found that individu-
als with unfavorable lipids had greater efflux of FC mass to
serum than those with favorable lipids (Table 2). Conversely,
in apoB-depleted serum, individuals with an unfavorable lipid
profile had decreased efflux of FC mass (Table 2), indicat-
ing that in these individuals, efflux to apoB-containing lipo-
proteins contributes to the release of FC mass. However, the
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elevated apoB-containing lipoproteins in individuals with
unfavorable lipids also contributed to marked FC influx
(Table 2). On the contrary, in individuals with favorable lip-
ids, the apoB lipoproteins did not contribute much to FC flux.
Thus, in spite of the increased ABCA1-mediated efflux to the
HDL-fraction from individuals with unfavorable lipids and
the contribution of their apoB lipoproteins to efflux, when
cells are incubated with this serum, efflux does not balance
the increased apoB-mediated FC influx. In contrast, efflux of
FC mass to apoB-depleted serum and serum from individuals
with favorable lipids was similar.

Our bidirectional flux data suggest that in cases where the
serum lipoprotein profile is skewed, efflux to whole serum
or apoB-depleted serum should not be interpreted in isola-
tion. Indeed, cholesterol influx from whole serum with high
TG-VLDL/low HDL-C is more than twice that from serum
of the group with favorable lipids. When influx is considered,
individuals with a favorable lipid profile have 43% higher net
outward flux of cholesterol compared with those individuals
with an unfavorable lipid profile. Interestingly, our data also
indicate that there is measurable influx of cholesterol mass
from the apoB-depleted fraction of serum (Table 2), possibly
via uptake from HDL but the precise mechanism remains to
be determined. This observation further underscores that, even
in the absence of apoB lipoproteins, one needs to account for
cholesterol influx when determining net cholesterol movement
and atherogenic potential of human serum samples because
cholesterol flux between cells and cholesterol-containing lipo-
proteins (even HDL) is bidirectional and depends on the total
lipoprotein profile, not just on HDL-concentration.

In large clinical studies, we have previously found that J774
macrophage cholesterol efflux is an independent risk factor for
atherosclerotic CVD.* Recently, Li et al*’ confirmed these find-
ings and demonstrated that cAMP-treated RAW 264.7 macro-
phage efflux of labeled free cholesterol to the apoB-depleted
(HDL-fraction) serum was indeed associated with lower lev-
els of prevalent coronary arthrosclerosis in cohorts with coro-
nary artery disease. Remarkably, however, they observed that
this efflux to the HDL-fraction (presumed to have a significant
ABCAT1 contribution because cells were treated with cAMP)
predicted increased rates of incident CVD events in a 3-year
follow-up of coronary artery disease patients (although this
observation was made on a relatively small number of inci-
dent events), whereas HDL-C, apolipoprotein A-I, and apoli-
poprotein A-II levels predicted lower event rates. This article
suggests that efflux to the HDL-fraction may not be a straight-
forward bioassay of HDL-function. The conflicting data for
prevalent versus incident CVD underscore that macrophage
cholesterol homeostasis in vivo as it relates to atherosclerosis
and HDL-function is complex and that assays of efflux alone
may not capture this complexity. Although our studies do not
directly address the issues raised by Li et al,*” our work is
novel in that it examines cholesterol influx as well as efflux,
thus exploring how the bidirectional cholesterol flux between
individual serum specimens and a macrophage model can
affect cellular cholesterol homeostasis.

The work we present here indicates that, although apoB lipo-
proteins are considered atherogenic by virtue of their role in
promoting cholesterol influx, they affect the efflux component
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of flux even when absent from the incubation likely by affect-
ing the distribution of HDL-particles and cholesterol accep-
tors. Thus, additional functional assays, such as bidirectional
flux, are required to fully understand the impact of serum and
its apoB-depleted HDL-fraction on CVD.*” When considering
specific populations such as individuals with high TG-VLDL/
low HDL-C, efflux of isotopic FC from macrophages to serum
does not predict the net flux of cholesterol or the actual cho-
lesterol content of cells. In addition, our study suggests that
although serum with increased pre—3-HDL may be efficient
at promoting the early release of *H-FC, small particles seem
to be less efficient at promoting sustained efflux of FC mass.
Therefore, macrophage efflux capacity, when considered in
isolation, may not always predict reduced risk of CVD or pro-
vide an accurate measure of the atherogenic or atheroprotec-
tive potential of serum samples.

In future studies, it is important to define whether mea-
sures of bidirectional flux provide value beyond efflux capac-
ity alone in CVD risk prediction. It is possible that the apoB
lipoproteins in serum account fully for the influx component
of our bidirectional assay. However, this requires additional
study. Whether measures of influx provide incremental value
in our understanding of CVD beyond plasma levels of apoB
lipoproteins and assays of HDL efflux capacity is an open
question. Large clinical studies are required to compare efflux
capacity with bidirectional flux parameters across the full
spectrum of serum lipid profiles and to determine their rela-
tionship with measures of atherosclerosis and the occurrence
of clinical CVD.
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Significance

Because cholesterol flux between cells and lipoproteins is bidirectional, measures of efflux do not capture the influx component of flux and
cannot predict the direction of changes in cellular cholesterol mass. We have adapted an assay previously used to measure bidirectional
cholesterol (free cholesterol, FC) flux from Fu5AH hepatoma cells for use in the J774 macrophage model, where FC efflux has been related to
clinical atherosclerosis. We used this assay system to explore whether estimates of FC influx and bidirectional flux might provide additional
insights beyond FC efflux into the role of FC flux in cardiovascular disease (CVD). Application of the bidirectional cholesterol flux assay using
our macrophage model provides measures of the net change in cellular cholesterol mass after exposure to acceptors, such as serum and
HDL, as well as estimates of efflux and influx, thus adding insights into serum components, disease states, and therapies that either prevent
or promote deposition of cholesterol in a cell model that is relevant to atherosclerosis.
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Rationale for cell model used. Although in vivo the pathology of atherosclerosis is
largely characterized by the presence of foam cells in the vessel wall, the initiation of
lesions likely reflects dynamic interactions between serum-derived lipoprotein
particles and cells such as macrophages that are not yet loaded with cholesterol,
where cellular cholesterol content is kept in check by mechanisms that promote FC
efflux and influx. J774+cAMP macrophages, the cell model chosen for these studies,
has been shown to have an important clinical correlate’ and we believe that the
adaptation of an assay that allows us to obtain estimates of influx and net change in
cellular cholesterol is an important extension of previous work.

Figure 3 in the text shows estimates of bidirectional flux using four cell models: FC
normal and FC-enriched J774 cells + cCAMP pre-treatment. As expected, both cAMP
pre-treatment and FC enrichment of J774 cells increased both efflux and net outward
flux of cellular FC increasing the sensitivity of these measurements. However, since
enrichment with FC blunted influx (3C, 3D vs. 3A, 3B) and cAMP treatment
decreased assay variability when measuring efflux (Supplementary Table Ill), we
chose to use FC-normal cells pre-treated with cAMP as the preferred model to test
serum specimens with our assay. Supplementary Fig | further documents the effects
of FC enrichment. This figure summarizes flux data from cholesterol “normal” and
“‘enriched” J774+cAMP cells to the same serum specimens from healthy adults
(n=21) and clearly shows that when cells are enriched in cholesterol the efflux arm of
bidirectional flux is disproportionally increased and LDL-C has no influence on the
rate of FC influx (Influx vs. LDL-C: FC-Normal, p=0.01; FC-Enriched p= 0.172;
N=21). We believe that using cholesterol-normal cells, where both arms of
bidirectional flux are well-represented (E/I=0.63), will better allow us to identify which
arm of the pathway is producing the change in cellular cholesterol mass observed
upon incubation with a specific serum specimen. An important aspect of our assay
will be to understand which serum components are likely to promote accumulation of
cellular cholesterol upon prolonged exposure. In addition, using cholesterol-normal
cells results in more reproducible initial cell cholesterol content as it is not easy to
obtain reproducible cholesterol enrichment from experiment to experiment because
not all batches of AcLDL enrich cells to the same extent.

Rationale for serum concentration used. We chose to use 2.5% whole serum in
these experiments because, when using cholesterol-normal cells, 2.5% serum
allowed us to assure changes in cellular FC during an 8h incubation that could be
detected and measured accurately. For this reason, 2.5% was also the serum
concentration used in the published assay with cholesterol-normal FUSAH cells®. At
lower serum concentrations, the changes in cellular mass obtained in 8 hours in
cholesterol-normal cells are difficult to reproduce and we were concerned that
incubations longer than 8h could lead to cellular toxicity with some test sera. In
addition, we have experimental results showing that both total and ABCAL1-

dependent efflux of isotopic cholesterol is in the linear range when 2.5% serum is
2



used (unpublished results). Initial experiments using FC-normal cells showed that,
when compared to 2.5%, increasing the serum concentration to 5% and 10%
increased both efflux and influx to a similar extent (about 3-fold). The experiment
shown in Supplementary Figure Il was done using FC-enriched cells where efflux is
increased. This experiment is presented to further validate our assay by
demonstrating that both arms of FC flux are dependent on the serum concentration.
In addition, as also shown in Figure 4, the data validates our estimate of influx by
showing that net flux values calculated as the difference between efflux and influx
coincide with gas liquid chromatography measures of the actual FC remaining in the
cells after incubation with serum.

Effect of Probucol on Bidirectional Flux. To validate the use of Probucol to block
ABCAL1 function, bidirectional flux was assayed after a 2h pre-treatment with
Probucol as described in Methods. Supplementary Table IV shows that Probucol has
a marked effect on the efflux arm of bidirectional flux and minimal or no effect on
influx.

Depletion of ApoB. ApoB-depleted (HDL-fraction) serum was prepared from
aliquots of all PDHS sera used and apoA-l, apoB and triglycerides in both whole
serum and apoB-depleted serum were analyzed as described in Methods. As
expected, an average of over 98% of apoA-I (not shown) but less than 2% of apoB
was recovered in the apoB-depleted serum. The recoveries of apoB and TG in
individual specimens are given in Supplementary Table II.



Supplementary Table I. Demographic, Clinical and Biochemical variables for

PDHS participants

Variable High TG-VLDL Low TG-VLDL P Value
/Low HDL-C /Normal HDL-C
(n=13) (n=10)
Median (IQR) Median (IQR)

or N (%) or N (%)
Age (years) 58 (50-67) 60 (55-67) NS
Male, N (%) 3 (23.1%) 4 (40%)
Race
Caucasian, N (%) 7 (53.9%) 6 (60%)
African-American, N (%) 6 (46.1%) 4 (40%)
BMI (kg/m°) 31.9 (30.6-37.6) 28.5 (23.9-30.1) <0.05
Waist circumference (cm) 104.1 (96.5-111.8) 90.2 (81.3-100.3) <0.05
Right SBP (mm/Hg) 136 (132-155) 126.5 (116-146) NS
Right DBP (mm/Hg) 80 (77-84) 73 (68-81) NS
Total cholesterol (mg/dl) 207 (191-228) 198.5 (179-210) NS
Triglycerides (mg/dl) 230 (178-331) 65 (54-69) <0.05
VLDL-Cholesterol (mg/dl) 54 (45-63) 8.5 (6-13) <0.05
HDL-Cholesterol (mg/dl) 39 (34-42) 72 (53-91) <0.05
LDL-Cholesterol (mg/dl) 110 (104-143) 111 (95-133) NS
ApoB (mg/dl) 108 (96-119) 81 (70-82) (*n=9) <0.05
ApoA-I (mg/dl) 122 (113-129) 150 (119-172) NS
ApoA-II (mg/dl) 32 (31-33) 27 (26-39) NS
HbAlc (%) 7.3(6.9-7.7) 6.5 (6-7) NS
Duration of diabetes (years) 5 (1.5-8) (*n=12) 5 (4-7) NS
Diabetes medication
Metformin, N (%) 8 (61.5) 5 (50)
Sulfonylurea, N (%) 4 (30.8) 2 (20)
Thiazolidinediones, N (%) 2 (15.4) 2 (20)
Exanetide, N (%) 2 (15.4) 0 (0)
Meglitinides, N (%) 1(7.7) 1(10)
Smoking history
Never smoked, N (%) 3(23.1) 3 (30)
Past smoker, N (%) 5(38.5) 7 (70)
Current smoker, N (%) 5 (38.5) 0 (0)

IQR = interquartile range

*data were available for subset

[T}

n” participants




Supplementary Table Il. Recovery of Triglyceride and Apolipoprotein B (ApoB)
in ApoB-depleted Serum. ApoB-depleted serum was prepared and assayed for residual
apoB and triglyceride as described in Methods. Recoveries were calculated as percent of
whole serum values. ApoB was efficiently depleted regardless of serum triglyceride
concentration. Values are reported as mg/dl. ND=not determined.

Group Subject Whole Serum ApoB-depleted Serum
VLDL-C | TG | ApoB | TG % ApoB %
recovery recovery

High TG-VLDL

/Low HDL-C
1 46 168 89 18 10.7 1 1.1
2 76 527 96 13 2.5 2 2.1
3 68 455 108 18 4.0 1 0.9
4 57 335 80 25 7.5 1 1.3
5 63 395 114 28 7.1 0 0.0
6 71 331 125 19 5.7 0 0.0
7 54 310 137 17 5.5 1 0.7
8 57 230 77 23 10.0 2 2.6
9 38 134 82 19 14.2 1 1.2
10 54 184 148 22 12.0 0 0.0
11 42 178 129 22 12.4 2 1.5
12 45 206 102 22 10.7 0 0.0
13 68 258 119 22 8.5 1 0.8

Low TG-VLDL

/Normal HDL-C
1 6 64 108 19 29.7 1 0.9
2 7 49 61 15 30.6 2 3.3
3 13 86 70 19 22.1 0 0.0
4 10 66 93 15 22.7 1 1.1
5 14 69 65 15 21.7 0 0.0
6 14 73 ND 10 13.7 2 ND
7 2 54 82 12 22.2 1 1.2
8 7 62 91 16 25.8 1 1.1
9 11 50 70 10 20.0 6 8.6
10 3 69 81 17 24.6 2 25




Supplementary Table Ill. Inter-assay Variability for Estimates of Bidirectional
Flux of FC Mass Between J774 Macrophages and Whole Human Serum. Flux
values (ng FC/mg cell protein/8h) were obtained as described in methods and
represent the meanststandard deviation (SD) of 3 separate experiments using J774
macrophages+cAMP incubated with a pool of human serum or 2 different human
serum specimens. All serum was obtained from healthy donors and was used at
2.5% dilution. The coefficient of variation was calculated from the standard deviation
of the means. SD = standard deviation. cv = coefficient of variation.

Influx Efflux Influx Efflux

No cAMP No cAMP With cAMP With cAMP

Mean+SD Mean+SD Mean+SD Mean+SD

(cv) (cv) (cv) (cv)

Pool 4.32+0.67 15.06+1.82 3.98+0.16 23.81+2.29
(0.15) (0.12) (0.04) (0.10)

Donor #1 4.43+0.27 15.82+2.15 4.47+0.56 26.55+2.08
(0.06) (0.14) (0.13) (0.08)

Donor #2 4.09+0.13 15.03+1.98 4.64+0.28 25.33+0.55
(0.03) (0.13) (0.06) (0.02)




Supplementary Table IV. Effect of Probucol Treatment on Bidirectional Flux.
J774+cAMP cells were treated with Probucol for 2 hours prior to bidirectional flux
assay using a whole serum pool at 2.5% or apoB-depleted serum at 3.5%. Values
are mean + SEM, N=3.

Efflux Influx
pHg FC / mg Cell Protein/6h pHg FC /mg Cell Protein/6h
No Plus Probucol No Plus Probucol
Sensitive Sensitive
Probucol | Probucol Flux Probucol | Probucol Flux

Experiment 1

2.5% Human

4,32+0.06 | 2.28+0.02 | 2.04=47% | 2.44+0.06 | 2.17+0.13 | 0.27=11%
Serum Pool

Experiment 2

2.5% Human

3.71+0.05 | 2.02+0.05 | 1.69=46% | 2.49+0.14 | 2.33+0.06 | 0.16=6%
Serum Pool

3.5% ApoB-
2.96+0.09 | 1.45+0.03 | 1.51=51% | 1.35+0.05 | 1.50+0.06 NA
depleted Serum




Supplementary Figure |. Bidirectional Flux of Cholesterol from free cholesterol
(FC)-normal and FC-enriched J774+cAMP Cells to the Same Human Serum
Specimens. FC flux between J774+cAMP cells and 21 whole serum specimens from
healthy donors was measured. Cells were enriched in FC by incubation with AcLDL.
In FC-normal cells, but not ion FC-enriched cells, LDL-C correlated positively with
influx and negatively with net efflux. Open bars indicate flux parameters for FC-
normal cells; initial FC=11.8 pg FC/mg cell protein. Closed bars indicate flux
parameters for FC-enriched cells, initial FC=46.6 pg FC/mg cell protein.
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Supplementary Figure Il. Effect of Serum Concentration on Free Cholesterol
Bidirectional Flux. FC-enriched J774 cells treated with cAMP were incubated with
increasing concentrations of either a pool of whole serum from healthy donors or
apoB-depleted serum from the same pool, prepared as described in methods. Free
cholesterol (FC) flux was measured as described in Methods. Panel A shows the
dependence of both efflux (squares) and influx (circles) on the concentration of
whole serum (solid line) and apoB-depleted serum (dotted line). Panel B shows the
dependence of net flux on concentration of whole serum (solid line) and apoB-
depleted serum (dotted line). Net flux is defined as the difference between efflux and
influx and positive values indicate net outward movement of cellular cholesterol
during the incubation. The circles and squares represent values obtained by
subtracting the calculated estimates of efflux from calculated estimates of influx. The
inverted triangles and diamonds represent cellular FC values obtained by GLC (see
methods) and were obtained by subtracting the cellular cholesterol remaining after
an 8h incubation from the cellular FC measured in duplicate cells not exposed to
serum.
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Materials and Methods

Materials

Tissue culture plasticware was purchased from Corning (Corning, NY) and Thermo
Fisher (Rochester, NY). RPMI 1640 and phosphate-buffered saline (PBS) were
purchased from Mediatech Cellgro (Manassas, VA). MEM buffered with 10mM Hepes
(pH 7.4) was prepared in the laboratory from MEM purchased from BioWhitaker
(Walkersville, MD) and Hepes purchased from Fisher Scientific (Newark, DE). Fetal
bovine serum (FBS), 8-(parachlorophenylthio) cyclic-3’,5’-amp (CTP-cAMP, cAMP), calf
serum (CS), gentamicin, trypsin EDTA, polyethylene glycol (PEG) 6000, Probucol and
the ACAT inhibitor Sandoz 58-035 were all purchased from Sigma-Aldrich (St. Louis,
MO). Organic solvents were purchased from VWR (Radnor, PA). BSA was purchased
from Millipore (Kankakee, IL) and [1,2->H]-cholesterol was purchased from Perkin Elmer
Analytical Sciences (Waltham, MA).

Clinical Studies

We used serum samples from two different studies enrolled at the University of
Pennsylvania. The Penn HDL Inflammation and Oxidation study (PHINOX) has been
described in detail previously." 2 Briefly, PHINOX was designed to examine
inflammatory and oxidant factors related to HDL-C and subclinical atherosclerosis in
healthy adults, as assessed by ultrasound measurement of carotid artery intimal media
thickness (IMT). Cholesterol efflux from J774 macrophages to the apoB-depleted serum
from these individuals showed an inverse relationship of serum efflux capacity and
carotid IMT". Here, we utilize existing data in PHINOX to explore the relationship of
serum TGs to serum efflux capacity in the J774 model. The Penn Diabetes Heart Study
(PDHS) has also been described in detail elsewhere®®. Briefly, PDHS was designed to
evaluate novel genetic and biochemical risk factors for atherosclerosis in Type 2
diabetic patients who were free of clinical cardiovascular disease and kidney
dysfunction at enrolment. We designed a nested sub-study in PDHS to examine the
relationship of extremes of serum TG / HDL-C with serum bidirectional flux capacity
from macrophages as well as with our established measure of serum efflux capacity.
From PDHS individuals, free from medical therapy with statins and insulin, two groups
matched for age, gender and race (Supplementary Table 1), were selected for a
“favorable” serum lipid profile (low TG / normal HDL-C; HDL-C=72 (58-88), LDL-C=111
(97-131), TG=65 (56-69) median (IQR) mg/dl; n=10) or an “unfavorable” profile (high TG
/ low HDL-C; HDL-C=39 (32-42), LDL-C=109 (97-137), TG=258 (184-335) median
(IQR) mg/dl; n=13), both groups having similar normal LDL-C levels (Table 1 &
Supplementary Table [). Bidirectional flux as well established efflux assays were
measured in whole serum and apoB-depleted (HDL-fraction) serum samples of these
two groups of PDHS participants.



Biochemical assays

At the end of experiments, the cell monolayers were washed with PBS and cell lipid was
extracted using 2-propanol containing cholesteryl methyl ether (CME) (Sigma, St. Louis,
MO) as an internal standard for gas liquid chromatography (GLC). A fraction of the
extracted lipid was used to measure total cholesterol radioactivity incorporated into
cellular lipids using scintillation counting. The remaining lipid was prepared for GLC to
measure FC mass as previously described.® Cell protein was measured by a modified
Lowry assay .

Serum lipids and lipoproteins were measured in PHINOX and PDHS enzymatically
(WAKO Diagnostics, Richmond, VA) on a Hitachi 912 analyzer (Roche Diagnostics,
Basel, Switzerland) as previously described®. Removal of apolipoprotein B (apoB)
containing lipoproteins from whole serum was done as we described; PEG treatment
removes over 97% of apoB while retaining over 90% of the apolipoproteins A-l and A-
1. Briefly, the whole serum samples were combined with a solution containing 20%
PEG in 200mM glycine, ph 7.4, at a ratio of 100 parts serum to 40 parts PEG solution.
The mixture was incubated at room temperature for 20 minutes and spun at 4°C at
10,000 rpm for 30 minutes. The supernatant containing the HDL lipoprotein fraction
was removed and diluted in MEM-HEPES at the desired concentration.

FC Enriched Macrophages

J774 cells were plated in 24-well plates (150,000 cells/well). To enrich the cells with
cholesterol (FC), 50 ug/ml AcLDL was added to labeling medium, which was prepared
as follows: 2uCl/ml *H-FC in RPMI-1640 supplemented with gentamycin and 2 pg/ml
ACAT inhibitor. The cells were incubated with the supplemented labeling medium for
24h. Supplementation with AcLDL increases the cellular cholesterol content by
approximately 3-fold.

Measurement of macrophage FC efflux to serum

FC efflux from macrophages was measured using a standard assay'. J774
macrophages were maintained in RPMI 1640 medium supplemented with 10% FBS and
0.5% gentamicin and then plated in growth medium in 24-well plates at a density of
150,000cells/well and incubated for 24h. The cells were labeled for 24h with 2uCi/ml
[1,2-*H] cholesterol in medium supplemented with 5% FBS and 2ug/ml ACAT inhibitor
to prevent the presence of radio-labeled CE pools that complicate the determination of
the release of labeled cholesterol or the estimate of the specific activity of cell
cholesterol. After labeling, the cells were washed 2x with MEM HEPES and equilibrated
for 18h in RPMI 1640 medium containing 0.2% BSA and 2ug/ml ACAT inhibitor as well
as 0.3mM cAMP (cyclic-3',5-amp (CTP-cAMP); to upregulate ABCALl). After the
equilibration/upregulation period, a triplicate set of cells was harvested prior to the



incubation with cholesterol acceptors (time zero, TO) to provide a baseline value for total
cholesterol content (radioactivity and mass). TO cell lipids were extracted and
measured as described below. The remaining cells were washed with HEPES-buffered
MEM, 0.5ml of this same medium containing acceptor was added to triplicate wells and
they were incubated for 4 or 8h at 37°C. 0.03mM cAMP (a tenth of the concentration
used to upregulate) was added to the efflux medium along with ACAT inhibitor to
prevent cholesterol esterification. After incubation with cells, the media were collected,
filtered and an aliquot was removed for scintillation counting to determine the amount of
[1,2-*H] cholesterol released into the medium. The radioactivity released into the
incubation medium was expressed as a fraction of the total [1,2-°H] free cholesterol in
TO cells. These values were corrected for the small amount of radioactivity released in
the absence of an acceptor.

ABCA1-specific FC efflux was determined by calculating the difference in efflux in the
absence and presence of Probucol in 8-(parachlorophenylthio) cyclic-3’, 5’-amp, cAMP
treated cells as previously described®. Briefly, Probucol was dissolved in 100% DMSO
to form a 10 mM stock solution. The stock solution was diluted to a 20 mM Probucol (an
inhibitor of ABCA1-mediated efflux)®, 0.2% BSA MEM HEPES solution. Equivalent
amount of DMSO was added to all incubations. Cells were plated and labeled with [1,2-
®H] cholesterol as described above. Cell monolayers were incubated for 2h in 0.2% BSA
containing medium alone or with 20mM Probucol before efflux of macrophage FC to
whole serum or apoB-depleted serum was measured. ABCAl-mediated efflux was
calculated by subtracting the efflux value obtained from the Probucol treated cells from
the efflux value obtained from the untreated cells.

Statistical analysis

All values were presented as means + standard deviations (SD) or standard errors of
means (SEM) for data with normal distribution or as median and interquartile range
(IRQ) for non-normal data. Statistical significance was determined by unpaired t tests
(for data with normal distribution) or Mann Whitney U test (for non-normal data).
Statistical significance was defined as p<0.05. All statistical analyses were performed
using GraphPad Prism (San Diego, CA) software.
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