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The ATP-binding cassette transporter A1 (ABCA1) mediates the efflux of excess cholesterol from foam
cells to lipid-poor apolipoprotein A-I, in a process called reverse cholesterol transport. Lipoprotein lipase
(LPL) is a lipolytic enzyme expressed by macrophages within atherosclerotic lesions. Lentivirus-mediated
RNA interference was used to genetically knock-down (KD) the expression of LPL in THP-1 macrophages.
Silencing of the LPL gene was confirmed by end-point PCR, real time PCR, and protein analysis. Suppres-
sion of LPL expression correlated with a 1.6-fold up-regulation of ABCA1 mRNA levels, and resulted in a
4.5-fold increase in ABCA1-dependent cholesterol efflux. Replenishing LPL by addition of purified bovine
LPL to the cell culture media resulted in down-regulation of ABCA1-mediated cholesterol efflux in both
wild-type and LPL knockdown cells. These findings suggest an inverse correlation between macrophage
LPL levels and ABCA1 cholesterol transport activity.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Atherosclerosis is initiated when circulating monocytes adhere
to the vascular wall, enter the intimal space and ingest copious
amounts of lipids to differentiate into large macrophage-derived
foam cells [1]. High density lipoproteins (HDL) protect against ath-
erosclerosis by facilitating the removal of excess free cholesterol
from vascular cells. Four different mechanisms have been described
for the transport of cholesterol from cells [2]: (i) aqueous diffusion
down a concentration gradient, (ii) bidirectional flux mediated by
scavenger receptor class-B type I (SR-BI), (iii) ATP-binding cassette
transporter A1 (ABCA1)-mediated unidirectional efflux of choles-
terol and phospholipids to lipid-poor apolipoprotein acceptors such
as apolipoprotein A-I (apoA-I) and apolipoprotein E (apoE), and (iv)
ABCG1-mediated unidirectional efflux to nascent HDL particles.
Both ABCA1 and ABCG1 are highly expressed in macrophages
whereas SR-BI is mainly expressed in steroidogenic tissues and
liver. Hence, the ABCA1 and ABCG1 pathways are the dominant
cholesterol efflux mechanism in macrophages.
ABCA1 is a member of a large family of transporters that have
nucleotide binding domains and hydrolyze ATP (are ATPases) for
energy to transport various substrates including lipids, ions and
metabolites [3]. ABCA1-mediated cholesterol efflux has an abso-
lute requirement for an apolipoprotein acceptor [4]. ABCA1 levels
are tightly regulated in order to maintain lipid homeostasis.
Cholesterol-loading and cAMP analogues are major positive
regulators of ABCA1 expression [5]. The transcription of ABCA1
gene is also highly up-regulated by the activation of nuclear
receptors liver X receptor (LXR), retinoid X receptor (RXR), and
peroxisome proliferators activated receptor (PPAR) [6].

Macrophages abundantly express another protein, lipoprotein
lipase (LPL), a secreted lipolytic enzyme that facilitates the hydro-
lysis of triglycerides (TG) in chylomicrons to release fatty acids for
energy or storage [7,8]. Depletion of TG converts chylomicrons into
cholesterol-rich remnant particles which are ligands for macro-
phage lipoprotein receptors and are instrumental in macrophage
cholesterol accumulation. This mechanism may partially explain
the contribution of macrophage LPL to atherogenesis [7]. Several
studies have demonstrated that LPL is abundantly expressed in
macrophage-derived foam cells lodged within atherosclerotic
lesions [7]. Animal models with macrophage specific over-
expression of human LPL point to a role for LPL in cholesterol
accumulation and lesion growth [9–12]. While the positive
correlation between macrophage LPL and atherosclerosis is
undisputed, the specific cellular events or mechanisms by which
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LPL precipitates fatty lesions are not well understood. Since ABCA1
is a key player in cellular cholesterol homeostasis in macrophages,
we hypothesized that macrophage LPL may regulate ABCA1
expression and function. Short interfering RNA (siRNA) technology
was used to silence the LPL gene in THP-1 cells, a human acute
monocytic leukemia cell line. Our data confirm that LPL levels
inversely correlate with ABCA1 expression and cholesterol efflux
in THP-1 macrophages.
2. Methods

2.1. Cell culture and differentiation

THP-1 monocytes were obtained from ATCC and maintained in
growth media (RPMI 1640 supplemented with 10% FBS (Atlanta
Biologicals), 50 units/mL penicillin, 50 lg/mL streptomycin,
10 mM HEPES, pH 7.4, 2 mM glutamine, 1 mM sodium pyruvate,
and 50 lM b-mercaptoethanol) at 37 �C and 5% CO2. Monocytes
were differentiated to macrophages in differentiation media
(growth media without FBS, supplemented with 1 mg/mL BSA
and 200 nM phorbol-12-myristate-13-acetate (PMA)) within
48–72 h as evidenced by their adherence to the culture plate.

2.2. Silencing the LPL gene

Wild-type (WT) THP-1 monocytes were seeded into two T
25 cm2 tissue culture flasks in growth medium at a density of
1 � 105 cells/mL. The next day, the cells were resuspended in
5 mL of growth media supplemented with 5 lg/mL polybrene.
LPL shRNA Lentivirus (Santa Cruz Biotechnology, 0.5 � 106 infec-
tious units of virus in 100 lL) was added, cells were chilled for
15 min, and transferred to 37 �C. The control flask was handled
identically with the omission of Lentivirus. After 48 h, the viral
load was removed by centrifugation, cells were washed with PBS,
and cultured in growth media. Cells transfected successfully
(designated LPL-KD THP-1 cells) were selected by treatment with
10 lg/mL puromycin until all cells in the control flask were
confirmed dead.

2.3. RNA isolation and RT-PCR

RNA was isolated using TRI reagent (Sigma) and Direct-zol™
RNA miniprep kit (Zymo Research) according to the manufacturers’
protocols. RNA was quantified by spectrophotometry at 260 nm
and 4 lg of RNA was used to synthesize cDNA by reverse transcrip-
tion using Moloney Murine Leukemia Virus Reverse Transcriptase
(M-MLV RT), dNTPs, and oligodT primers (Promega).

End-point PCR was performed using cDNA and primer pairs
shown (Table 1). The PCR amplicons were resolved by 2%
Table 1
Primer sequences for end-point and real-time PCR.

Gene & amplicon
size (bp)

Primer type Primer sequence

huLPL (308) Sense 2 50-GGAATGTATGAGAGTTGGGT-30

Antisense 2 50-GGGCTTCTGCATACTCAAAG-30

huABCA1 (157) Sense 50-AACAGTTTGTGGCCCTTTTG-30

Antisense 50-AGTTCCAGGCTGGGGTACTT-30

huABCG1 (317) Sense 50-GGTTCTTCGTCAGCTTCGAC-30

Antisense 50-GTTTCCTGGCATTCAGGTGT-30

huSR-BI (216) Sense 50-CTGTGGGTGAGATCATGTGG-30

Antisense 50-GCCAGAAGTCAACCTTGCTC-30

b-Actin (285) Sense 50-TCATGAAGTGTGACGTTGACATCCGT-30

Antisense 50-CTTAGAAGCATTTGCGGTGCACGATG-30
agarose gel and the DNA bands were quantified by ImageJ
(NIH) analysis. The cDNA was also subjected to real time quan-
titative PCR using a Smart cycler (Cepheid Inc), RealMasterMix
(5PRIME), and primer pairs shown (Table 1). A melting temper-
ature (Tm) of 85 �C or higher was obtained, confirming primer-
specific amplification. b-Actin was used as the house-keeping
gene control for both conventional and quantitative PCR. The
threshold cycle (CT) values were used to calculate fold change
in transcript levels using the 2�DDC

T method [13] as follows:

fold change ¼ 2� CT target�CTb-actinð ÞsiRNA
� CT target�CTb-actinð Þcontrol .

2.4. Analysis of de novo LPL protein synthesis

The level of LPL protein translation was compared in WT and
LPL-KD THP-1 macrophages by pulse-chase labeling. This protocol
tags only de novo synthesized metabolites during biosynthesis. WT
and LPL-KD THP-1 monocytes were plated at 2.5 � 106 cells per
well on a 12-well tissue culture plate and differentiated as above.
The cells were depleted of methionine by incubation in methio-
nine-free minimum essential medium (MEM) for 30 min, and then
incubated with 200 lCi/mL of 35S-labeled methionine (radioactive
label) in MEM for 4 h. Any incompletely synthesized proteins were
chased to completion using 100 lM cold methionine (Sigma) sup-
plemented with 100 units/mL heparin for 30 min. Heparin was
added to allow the dissociation of LPL from the cell surface prote-
oglycans. The medium was collected and cleared of cellular debris
while the cellular monolayer was solubilized using 150 lL/well of
lysis buffer (0.1% Triton-X-100 in 50 mM Tris�HCl, pH 8.0). Both
media and lysates were adjusted to 10% glycerol and 0.05% Triton
X-100.

A chicken anti-LPL IgY (2 lg/mL) immobilized on goat anti-
chicken IgY-agarose was used to immunoprecipitate LPL from
1 mL media or 100 lL of lysates, after ascertaining equal radioac-
tivity in WT and LPL-KD samples. Equal volumes of immunoprecip-
itated samples were resolved by 10% SDS–PAGE. The gel was then
dried between cellophane sheets and LPL protein bands were
visualized by autoradiography.

2.5. Cholesterol efflux assay

Wild-type or LPL knock down (LPL-KD) THP-1 cells were plated
at 2.5 � 106 cells/mL per well. They were differentiated as above
for 48 h. The differentiated macrophage monolayer was rinsed
with PBS, and incubated with 3H-cholesterol labeled oxidized
LDL (final 0.25 lCi/mL/well and 50 lg oxLDL/mL/well) for 48 h.
The labeled oxidized LDL was prepared by drying 3 lCi of
[1,2-3H(N)]-cholesterol in toluene (Perkin Elmer) under nitrogen
gas and re-suspending it in 500 lL of efflux media (growth media
without FBS, supplemented with 1 mg/mL BSA) by sonication in a
23 �C water bath for 8 min. To this, 600 lg of ox-LDL was added
and incubated on ice for 20 min. (Oxidized LDL was obtained by
prolonged exposure of LDL isolated from human plasma by
sequential density gradient centrifugations [14] to the atmo-
sphere.) This solution was transferred to 37 �C for 20 min, returned
to RT, before mixing it with efflux media for a final volume of
12 mL. Each well of differentiated macrophages received 1 mL of
this 3H-cholesterol labeled oxidized LDL. After 2 days the cell
monolayer was rinsed with PBS + 1 mg/mL BSA. Next, cellular cho-
lesterol pools were equilibrated by incubation for 48 h in efflux
media supplemented with unlabeled 20 lg/mL cholesterol. After
washing with PBS + 1 mg/mL BSA, cholesterol efflux was initiated
by incubation in efflux media in the presence or absence of
32.7 lg/mL apolipoprotein-AI. After 12–14 h, the media was col-
lected and cellular debris was removed by centrifugation. The mac-
rophage monolayer was washed twice with PBS/BSA, the cells were



Table 2
Real-time PCR CT values.

Wild-type LPL-KD

b-Actin 16.55 16.17
LPL 20.11 28.11

Fold change 0.003
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chilled and cellular lipids were extracted with 3:2 hexanes: isopro-
panol (v/v). Radioactivity in the efflux media and the cellular lipid
extracts was measured by scintillation counting. The amount of
cholesterol effluxed from the cell was calculated using the formula:
% cholesterol efflux = [(radioactivity in the medium)/{(radioactivity
in the medium) + (radioactivity in the lipid extracts)}] � 100.
ABCA1-mediated cholesterol efflux was estimated as the difference
in cholesterol efflux in the presence and absence of apoAI acceptor.
3. Results

3.1. Creating LPL-knock-down THP-1 cells

In order to investigate the role of macrophage LPL in regulating
ABCA1-mediated cholesterol efflux, we first genetically silenced
the LPL gene in THP-1 cells. Lentivirus particles were used to
deliver LPL-specific short hairpin RNA encoding plasmids into
THP-1 monocytes. Stably transduced cells were selected by puro-
mycin resistance. There was no difference in cell morphology
between wild type (WT) and LPL-knock-down (LPL-KD) cells.
Silencing of the LPL gene was confirmed by end-point PCR, real
time PCR, and Western blot analysis. As shown in Fig. 1A, end-
point RT-PCR failed to detect a LPL-specific amplicon in shRNA
transduced cells indicating a complete silencing of the LPL gene.
There was no difference in the intensity of a b-actin amplicon con-
firming that shRNA specifically targeted the LPL gene. b-Actin also
served as a control for RNA quantification and equal loading of the
agarose gel. The down-regulation of LPL transcript was also con-
firmed by real-time quantitative PCR as shown in Table 2. While
the CT values for b-actin were similar in WT and LPL-KD cells, the
CT value for LPL was significantly higher in LPLKD cells. Using the
2�DDC

T method, this was calculated to be only 0.3% of the tran-
script present in WT cells. Identical results were obtained after
repeated experiments.

Next, the level of LPL protein was compared in wild-type and
LPL-KD cells by metabolic labeling experiments. Since LPL is a
secreted protein with a relatively long half-life, it accumulates in
the cell culture media. Thus, to compare the level of LPL protein
Fig. 1. Knock-down of LPL gene expression in THP-1 cells using shRNA Lentivirus
particles. Lentiviral particles (Santa Cruz Biotechnology) were used to deliver a
plasmid encoding LPL-specific shRNA to THP-1 monocytes. Cells with stable
expression of shRNA were selected by puromycin treatment. (A) End-point
RT-PCR analysis shows successful knock-down of LPL mRNA levels by 89% in
shRNA transduced monocytes (KD) compared to wild-type (WT) cells. b-Actin was
amplified as a control for shRNA specificity, RNA quantification, and gel loading.
(B) SDS–PAGE and autoradiography of radiolabelled de novo protein synthesis show
a decrease in (or near absence of) cellular (lysates) and secreted (media) LPL protein
in LPL-KD THP-1 cells compared to WT cells. The left-most lane shows the positions
of pre-stained low-range molecular weight markers (BioRad).
translation, metabolic labeling experiments were preferred to
Western blotting. Radiolabeled LPL was immuno-precipitated from
lysates and culture media of WT and LPL-KD cells. A band corre-
sponding to LPL was detected in WT samples but not in LPL-KD
samples (Fig. 1B), indicating the absence of de novo LPL protein
translation, consistent with the mRNA data in Fig. 1A. Due to the
short span of the experiment, all of the labeled LPL may not have
traversed to the extracellular media. Hence, the intensity of the
LPL band in cell lysates is stronger than that in the culture media.
The slightly larger size of secreted LPL reflects its post-translational
glycosylation prior to secretion.

3.2. LPL silencing induces ABCA1 mRNA expression in THP-1
macrophages

In previous studies, transgenic mice with macrophage-specific
over-expression of human LPL showed a marked increase in ath-
erosclerotic lesion size. This could be a result of increased choles-
terol uptake, reduced cholesterol efflux, or both. This study was
designed to investigate any correlation between LPL expression
and cholesterol efflux. Thus, the expression of cholesterol trans-
porters was compared in WT and LPL-KD cells by end-point RT-
PCR (Fig. 2A). Down-regulation of LPL correlated with a significant
increase in ABCA1 expression (161% of WT), and a nominal
decrease in ABCG1 and SR-BI expression (88% and 81%, respectively
of WT). These values were calculated after correction for the
intensities of b-actin bands, which were identical in both WT and
LPL-KD samples. Similar results were obtained in repeated experi-
ments. The effect of LPL silencing on ABCA1 protein expression was
investigated by Western blot analysis, but there was no significant
difference in the intensity of ABCA1 bands in WT and LPD-KD sam-
ples (Fig. 2B).

3.3. Inverse correlation between LPL expression and cholesterol efflux

Of the three cholesterol transporters examined, ABCA1 and
ABCG1 are unidirectional transporters with ABCA1 requiring a
lipid-poor apoAI as the cholesterol acceptor, and ABCG1 requiring
Fig. 2. Down-regulation of LPL expression induces ABCA1 transcription without a
detectable increase in ABCA1 protein. (A) Total RNA isolated from differentiated
LPL-KD and WT THP-1 macrophages was subjected to end-point RT-PCR analysis
using primers specific for cholesterol transporters ABCA1, ABCG1, SR-B1 (Table 1).
b-Actin was amplified as a control for RNA quantification and gel loading. (B) Cell
lysates were prepared from differentiated WT and LPL-KD THP-1 macrophages and
total protein was quantified by the Lowry assay. Equal amounts of protein were
resolved by 8% SDS–PAGE and ABCA1 protein was detected by Western blot analysis
using a mouse anti-ABCA1 primary antibody (Novus Biologicals) and a HRP-
conjugated goat anti-mouse secondary antibody. A chemiluminescent substrate
(SuperSignal West Pico from Thermo Scientific) followed by autoradiography
enabled visualization of ABCA1 protein.



Fig. 3. Suppression of macrophage-derived LPL correlates with an increase in ABCA1-mediated cholesterol efflux. The efflux of [3H]-cholesterol from differentiated WT and
LPL-KD THP-1 macrophages was measured in the absence or presence of 32.7 lg/mL ApoA-I for 12 h. Radioactivity in the culture media and cellular lipid extracts was
determined by scintillation counting and cholesterol efflux was calculated as (% efflux = [cpm in media � 100]/[cpm in media + cpm in lipid extracts]). Each value is an
average of triplicates ± standard deviation. (A) Total cholesterol efflux is shown for each dataset (⁄P < 0.05 for LPL-KD compared to WT cells). (B) ABCA1-dependent cholesterol
efflux is calculated as the difference in efflux by aqueous diffusion (absence of ApoA-I) and efflux in the presence of ApoA-I (⁄P < 0.01).

Fig. 4. Addition of LPL to THP-1 cell culture medium inhibits apoAI-mediated cholesterol efflux. Cholesterol efflux was measured in LPL-KD and WT THP-1 macrophages as
described in Fig. 3. During the efflux assay, the specified concentration of purified bovine LPL was added. (A) Addition of 100 lg/mL LPL reduces cholesterol efflux in both WT
and LPL-KD cells. (⁄P < 0.01; ⁄⁄P < 0.005 compared to corresponding ‘0 lg/mL LPL’). (B) ABCA1-dependent cholesterol efflux was calculated as a difference in efflux between
the absence and presence of ApoA-I. The x-axis is not to scale. The data points are mean values of triplicate determinations. (⁄P < 0.05 and ⁄⁄P < 0.0005 compared to
corresponding ‘0 lg/mL LPL’).
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HDL particles. Thus, the ABCA1 pathway results in lipidation of
apoAI to form nascent HDL particles, which can then accept choles-
terol via the ABCG1 pathway. Since LPL silencing resulted in the
greatest modulation of ABCA1 expression, the correlation between
LPL expression and ABCA1-mediated cholesterol efflux was inves-
tigated. In the absence of extracellular cholesterol acceptors,
passive aqueous diffusion of cholesterol was similar in WT and
LPL-KD THP-1 cells. In the presence of apoAI, the acceptor for
ABCA1-mediated cholesterol efflux, LPL-KD cells demonstrated
significantly greater efflux than that in WT cells (Fig. 3A).
ABCA1-mediated cholesterol efflux (Fig. 3B) was calculated as the
difference in efflux values in the presence and absence of apoAI
and was 4.5-fold greater in LPL-KD THP-1 cells compared to WT
cells. These data clearly demonstrated an inverse relationship
between LPL expression and ABCA1-mediated cholesterol efflux.
Next, to confirm a role for LPL in down-regulating cholesterol
efflux, LPL was added back to the culture media of LPL-KD cells.
This should mimic the cellular expression of LPL, since LPL is a
secreted protein. As expected, addition of exogenous LPL resulted
in LPL-KD cells reverting to a lower level of cholesterol efflux. In
the presence of exogenous LPL, cholesterol efflux to apoAI accep-
tors was decreased in both WT and LP-KD cells (Fig. 4A). Interest-
ingly, aqueous diffusion of cholesterol, measured in the absence of
apoAI, was also lower in LPL-KD cells and it was further down-
regulated when exogenous LPL was added. The difference in efflux
in the presence and absence of apoAI was calculated as the
ABCA1-mediated efflux, and plotted against the concentration of
exogenous LPL added Fig. 4B). There was a clear LPL-
dose-dependent decrease in ABCA1-mediated cholesterol efflux in
LPL-KD cells. Addition of LPL slightly down-regulated efflux in WT



1420 R.L. Kawashima, J.D. Medh / Biochemical and Biophysical Research Communications 450 (2014) 1416–1421
cells as well, thus confirming that macrophage LPL levels modulate
ABCA1-mediated cholesterol efflux.
4. Discussion

This study investigates the role of macrophage lipoprotein
lipase in ABCA1-mediated cholesterol efflux, the first and crucial
step of reverse cholesterol transport. Two independent approaches
were used to modulate macrophage LPL levels. To obtain LPL-
deficient cells, short hairpin RNA specific to the LPL gene were
transduced into THP-1 macrophages to silence the LPL gene.
Almost complete knock-down of LPL expression was established
as demonstrated by RT-PCR and Western blot analysis. LPL gene
overexpression was also attempted, but since wild-type macro-
phages already express abundant LPL, this strategy failed to result
in a desirable difference in LPL levels in WT and LPL-overexpress-
ing cells. To circumvent this problem, purified bovine LPL [14] pro-
tein was added to the culture media of WT and LPL-KD THP-1 cells.
Since LPL is a secreted protein, such LPL-add-back experiments
served as an appropriate method for measuring LPL-dose-
dependent modulation of cholesterol efflux.

Our results clearly demonstrate that ABCA1 expression and
function is inversely regulated by macrophage LPL levels. These
data are consistent with previous evidence that macrophage LPL
is proatherogenic. Two studies reported that macrophage-specific
depletion of LPL in mice caused a 52–55% reduction in aortic lesion
size compared with controls [7]. We demonstrated that in male
apoE knock-out mice, macrophage-specific over-expression of
human LPL resulted in a 51% increase in aortic lesion size after
3 weeks on a high-fat diet [12]. LPL’s atherosclerosis-promoting
functions are believed to be due to its ability to serve as an adapter
between remnant particles and lipoprotein receptors, thereby
contributing to receptor-mediated cholesterol uptake [15]. LPL’s
lipolytic activity may further facilitate cholesterol uptake by
unmasking apoE of lipoprotein particles in vivo and increasing their
receptor-binding affinity [14]. Since cellular cholesterol-loading is
known to dramatically induce ABCA1 transcription due to activa-
tion of the LXRa pathway [16], LPL’s ability to promote lipoprotein
uptake is unlikely to explain our results. Instead, one would expect
LPL silencing to down-regulate ABCA1 due to the absence of
cholesterol loading.

There is likely another mechanism that contributes to the
observation that LPL silencing leads to ABCA1 up-regulation.
Several studies have implicated fatty acids in transcriptional and
post-transcriptional regulation of macrophage ABCA1 [17–19].
Unsaturated fatty acids were shown to negatively modulate ABCA1
mRNA and protein levels, and diminish ABCA1-mediated
cholesterol efflux in RAW264.7 [18] and human monocyte-derived
macrophages [19]. This effect also appears to be mediated by the
liver X receptor (LXR) since it was abolished in the presence of a
LXR agonist, or when the LXRE on the ABCA1 gene was altered
by mutagenesis [20]. In addition to decreasing transcription of
ABCA1, unsaturated fatty acids also increase ABCA1 protein degra-
dation [17]. It was shown that serine phosphorylation of a PEST
sequence in the ABCA1 protein is responsible for its destabilization
and rapid turnover [21]. Based on this evidence, it appears that, in
our study, silencing the LPL gene results in a depletion of unsatu-
rated fatty acids and removes the down-regulation of ABCA1.
When LPL is added back, the unsaturated fatty acid products of
lipolysis are replenished, resulting in a reduction in ABCA1-medi-
ated cholesterol efflux.

Western blot analysis failed to show any up-regulation of
ABCA1 protein, in spite of an increase in ABCA1 mRNA and ABCA1
function (increased cholesterol efflux). Previous studies have
reported similar inconsistency between ABCA1 protein levels and
its activity/function. In a recent publication, Mogilenko et al.
showed that ABCA1 protein levels were inversely related to ABCA1
efflux activity [22]. ABCA1 protein has a half-life of approximately
1–2 h and its degradation is highly regulated, particularly by LXRb
[23]. In unstimulated cells, when LXRb binds to ABCA1, it slows
down ABCA1 degradation, thereby increasing the level of detect-
able ABCA1 protein. However, this LXRb-bound ABCA1 cannot
participate in cholesterol efflux. When the LXRb/RXR complex is
activated by its ligand, it results in dissociation of the ABCA1
protein from the nuclear receptor allowing ABCA1 to function in
cholesterol efflux but also resulting in its rapid degradation [23].
It is hypothesized that the inverse correlation between ABCA1
function and its degradation may be due to the internalization of
apoAI-bound ABCA1 [22]. Such a mechanism may explain our data
that LPL-KD macrophages exhibit increased cholesterol efflux,
without an increase in ABCA1 protein.

Previously, other members of the lipase gene family were
shown to regulate ABCA1 expression and function [24–26]. Qiu
and Hill used Lentivirus to over-express or suppress endothelial
lipase (EL) in THP-1 macrophages and demonstrated a direct
correlation between EL expression levels and ABCA1-dependent
cholesterol efflux [25]. EL is primarily a phospholipase and has very
little triglyceride lipase activity [26]. The phospholipase activity of
EL is responsible for the hydrolysis of HDL phospholipids, thereby
lowering HDL levels. In contrast, LPL activity is associated with
biogenesis of HDL particles [7]. Thus, the opposite phenotypes
obtained by overexpression of EL and LPL are consistent with their
primary enzymatic roles.

In a separate study, over-expression of hormone-sensitive
lipase (HSL) in THP-1 macrophages increased ABCA1 mRNA as well
as cholesterol efflux [27]. HSL is a triglyceride lipase, but it does not
belong to the lipase gene family. HSL is an intracellular enzyme
with a role in fuel metabolism rather than lipoprotein restructur-
ing. It also contains cholesterol ester hydrolase activity. Thus,
HSL-overexpressing cells showed an induction in ABCA1 gene
expression due to the generation of free cholesterol by HSL-
mediated hydrolysis of cellular cholesterol esters.

In conclusion, it is clear that lipases are key players in the
modulation of reverse cholesterol transport from macrophages
[24,26]. They exert their effect on the expression and function of
the cholesterol transporter ABCA1, as well as on modifying the
extracellular cholesterol acceptors: nascent HDL or lipid-poor
apoAI. Our data demonstrate a clear inverse relationship between
macrophage LPL and ABCA1 expression and function. This finding
further fuels the need to find therapeutic approaches to inhibit/
inactivate macrophage LPL for the prevention/management of
atherosclerosis.
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