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Lipid efflux in human and mouse macrophagic cells:
evidence for differential regulation of phospholipid

and cholesterol efflux
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Abstract ABCAL is a critical regulator of lipid efflux from
cells, which is highly regulated at the transcriptional and post-
translational levels. However, cells from different species and
different tissues, and primary versus immortalized cells, show
different modes of regulation. We have carried out a compar-
ative analysis of basic signaling pathways of lipid efflux in
mouse J774 cells, mouse peritoneal macrophages (MPMs),
human THP-1 cells, and human monocyte-derived macro-
phages. Cyclic AMP (cAMP) was a potent stimulator of lipid
efflux in mouse macrophages, but not in human macrophages.
Moreover, this cAMP-inducible component of efflux from
MPMs was inhibitable by H89 [a protein kinase A (PKA) in-
hibitor], but H89 did not affect basal efflux. On the other
hand, cAMP failed to show any stimulatory effect in human
macrophages, but basal efflux was inhibitable by H89. In
MPMs and THP-1 cells, protein kinase C (PKC) inhibitors
blocked cholesterol efflux but had no effect on phospholipid
efflux, demonstrating the separation of the regulation of phos-
pholipid efflux and cholesterol efflux in macrophages.fil We
conclude that: 1) cAMP regulates lipid efflux predominantly
in a PKA-dependent fashion; 2) cholesterol efflux is modu-
lated by a PKC-dependent mechanism; and 3) mouse and
human macrophages exhibit different modes of regulation
of lipid efflux.—Kiss, R. S., J. Maric, and Y. L. Marcel. Lipid
efflux in human and mouse macrophagic cells: evidence for
differential regulation of phospholipid and cholesterol ef-
flux. J. Lipid Res. 2005. 46: 1877-1887.
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With the recent discovery of the role of ABCAI in lipid
efflux, and the potential regulation of ABCAI as a means
to regulate plasma HDL levels, much research has focused
on the transcriptional and posttranslational regulation of
ABCAL. There are multiple elements in the proximal pro-
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moter of ABCAI that may regulate its expression (1). Cho-
lesterol loading strongly stimulates ABCAl expression in
macrophages, where it evidently increases ABCA1 mRNA
abundance and protein levels, although the mechanism is
not understood (2). ABCAI gene regulation is also medi-
ated by the nuclear liver X receptors (LXR « and ) and
retinoid X receptors (RXRs) (3, 4), and their respective
ligands, oxysterols and 9-cistetinoic acid (9cRA). Cavelier
etal. (5) showed, in mice carrying a human ABCAI trans-
gene under the control of its natural flanking sequences,
that the human and mouse ABCAI1 genes responded dif-
ferently to cyclic AMP (cAMP), and that novel, as-yet-unre-
ported promoters may exist that regulate ABCAI expres-
sion and activity. As such, cAMP significantly stimulates
efflux in J774, mouse peritoneal macrophages (MPMs),
and RAW 264 cells (6-10) and not in THP-1 cells or human
monocyte-derived macrophages (MDMs) (11, 12). cAMP’s
primary effect may be on transcription and protein ex-
pression, because efflux is not stimulated before 6 h, and
protein synthesis inhibitors prevent stimulation (13). At
the other end, efflux was reduced to near baseline levels
within 6 h upon removal of cAMP, indicating that ABCA1
is highly regulated at the protein level (8, 14-16). ABCA1
can be phosphorylated in vitro (17, 18), and this can be
regulated by protein kinase A (PKA) (18, 19). Activators of
PKA, including cAMP, are known to stimulate specific ef-
flux and ABCA1 phosphorylation, whereas inhibitors of
PKA cause decreased efflux and reduced phosphorylation
(18, 20-23). Therefore, cAMP promotes lipid efflux by
both stimulating expression of ABCAI and activation of
ABCALI by phosphorylation.

It is known that many other signaling pathways can also
affect lipid efflux. Janus kinase 2 appears to selectively mod-
ulate apolipoprotein interactions with ABCAI without di-
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rectly phosphorylating ABCA1 (24). Phosphorylation of a
PEST sequence in ABCAI promotes calpain-mediated deg-
radation of ABCA1 (25). Protein kinase C (PKC) stimulators
promoted cholesterol efflux in a dose-dependent fashion
in normal and Tangier disease [(TD) ABCAl-defective] fi-
broblasts (26, 27), and deficient PKC activation was detected
in TD fibroblasts (28). It was proposed that apolipoprotein
A-I (apoA-I)-containing lipoproteins stimulate removal of
sphingomyelin, which, in turn, stimulates phosphatidyl-
choline-specific phospholipase C (PC-PLC) and phospho-
lipase D (PC-PLD) (29). The generation of diacylglycerol
(DAG) then stimulates PKC, which phosphorylates ABCA1
(26, 29). PC-PLC and PC-PLD activity was reduced in TD
fibroblasts (30), and treatment with pertussis toxin [ (PTX)
an inhibitory G-protein (Gi) inhibitor] could promote a
TD-like activity of PLC and PLD in normal fibroblasts (30).
In rat vascular smooth muscle cells (SMCs) and MPMs,
PKC stimulators enhanced cholesterol efflux, whereas in-
hibitors reduced cholesterol efflux (31, 32). These authors
showed that PKC effectors had no effect on phospholipid
efflux in macrophages, SMCs, and some fibroblasts (32,
33) but had a small but significant effect on phospholipid
efflux in other fibroblasts (29), suggesting an independent
regulation of phospholipid and cholesterol efflux in some
cells. Vanadate inhibited cholesterol efflux, but not phos-
pholipid efflux, in SMCs (34) but not HEK 293 cells (35),
also indicating that phospholipid and cholesterol efflux
are independently regulated in some cells. On the other
hand, Smith et al. found no evidence for independent reg-
ulation in RAW 267.4 and HEK 293 cells of phospholipid
and cholesterol efflux, and found that treatment with high
doses of cyclodextrin or vanadate induced cell death that
might explain the perceived uncoupling of lipid efflux (36).
Various cells, including fibroblasts, SMCs, macrophages,
adipose cells, epithelial cells, endothelial cells, and hepa-
tocytes, have all been examined for various properties of
apoA-I-mediated efflux (7, 20, 37-42), but macrophagic cells
are most severely affected by TD and are regulated differ-
ently than other cells.

In an attempt to reconcile numerous independent ob-
servations about lipid efflux regulation, we have evaluated
apoA-I-specific efflux and its regulation in murine versus
human macrophages and primary versus transformed mac-
rophages, using mouse MPMs and J774 cells, and human
MDMs and THP-1 cells.

EXPERIMENTAL PROCEDURES

Materials

[®*H]cholesterol was obtained from Perkin-Elmer. ApoA-I was
obtained from a bacterial expression system as described previ-
ously (43). Dulbecco’s modified Eagle’s medium (DMEM) and
RPMI were obtained from Gibco Invitrogen. 8-(4-Chlorophenyl
thio) adenosine 3',5'-cyclic monophosphate (CPT-cAMP), fetal
bovine serum (FBS), BSA, 9cRA, phorbol 12-myristate 13-acetate
(PMA), sodium vanadate, and Histopaque 1077 were obtained from
Sigma. N-[2-(4-bromocinnamyl) aminoethyl]5-isoquinoline-sulfon-
amide (H89), PTX, cholera toxin (CTX), mastoparan, 1,2-dioc-
tanoylglycerol (DOG) and calphostin C (CalC) were obtained from
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Calbiochem. Penicillin/streptomycin (P/S) was obtained from
Gibco.

Cell isolation and treatment

All procedures were approved by the University of Ottawa
Heart Institute Human Ethics Research Board. Human MDMs
were prepared following the procedure of Cohen et al. (44). The
cells were plated at 4.4 X 108 cells/ml in 24-well cell culture
plates. The media was replaced after 2 h, to wash away nonadher-
ent cells. The cells were fed every 48 h and were maintained in
culture for 12 days to allow the monocytes to differentiate into
macrophages. Macrophage morphology, uptake of acetylated
LDL (AcLDL) by class A scavenger receptors, and expression of
CD68 were used to determine complete differentiation of MDMs.

MPMs were obtained by peritoneal lavage from Swiss-Webster
mice (Charles River). Mouse J774 cells and MPMs were cultured
in DMEM supplemented with 10% FBS and 1% P/S. Human
THP-1 cells were grown in suspension in RPMI media supple-
mented with 10% FBS, 1% P/S, 1% 1-glutamine, and 5 mM B-mer-
captoethanol. They were differentiated by treatment with PMA
(10 nM) for 72 h prior to the experiment.

Isolation of LDL

LDL was obtained between the density limits 1.006 and 1.063
g/ml by sequential ultracentrifugation. AcLDL was prepared by
the method of Goldstein et al. (45). Protein concentration of lipo-
proteins was calculated using the Markwell Lowry assay (46).

Efflux assay

The cells were labeled with [*H]cholesterol (5 wCi/ml) or [°H]
choline (5 pCi/ml) incorporated into AcLDL (37.5 pg AcLDL/
ml) and incubated for 36 h. Cells underwent an equilibration
step in media plus 2 mg/ml BSA for 12 h prior to efflux. After
the equilibration period, cells were incubated with apoA-I (50
ng/ml) in DMEM/BSA (or RPMI/BSA) for 5 h. [®*H]cholesterol
efflux was expressed as medium [*H]cholesterol radioactivity as
a percentage of total [*H]cholesterol radioactivity (cells plus me-
dium). [3H]phospholipid efflux, and in some experiments [*H]
cholesterol efflux, was detected by immunoprecipitation of apoA-I
and its associated lipids (42), and the results are expressed as to-
tal radioactivity immunoprecipitated/mg cell protein. Each con-
dition was performed in the absence of apoA-l, and this efflux
value was subtracted from the apoA-I efflux value, to obtain the
apoA-I-specific efflux. Efflux from the sample containing only
apoA-I (no treatment) was regarded as 100%. Each experiment
was performed in triplicate. Results presented are the mean
(£SD) of at least three independent experiments. Alternatively,
prior to efflux, cell lipids were extracted with hexane (1 h, room
temperature), the samples were loaded onto a Silica Gel 60 thin-
layer chromatography plate, and the lipids were separated in the
solvent system hexane-diethyl ether-acetic acid (105:45:1.5; v/v/v).
Bands corresponding to free cholesterol (FC) and cholesteryl es-
ter (CE) were scraped off the plate, and the radioactivity was de-
termined by scintillation counting.

Western blotting

Cells were grown under the conditions described up to the
point prior to efflux, before being placed on ice. Cells were re-
moved from the plate by scraping, were homogenized with 20
strokes in a Dounce homogenizer, and then were centrifuged at
2,000 g for 10 min at 4°C to remove unbroken cells and debris.
The supernatant was electrophoresed on a 4% SDS-polyacryl-
amide gel, and transferred to nitrocellulose at 125 V for 4 h. An
ABCALI antibody (Novus Biologicals; 1:500 dilution) was used for
probing, with an anti-rabbit secondary antibody conjugated with
horseradish peroxidase (Amersham Biosciences) for detection.
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RESULTS

Lipid efflux from macrophages under baseline conditions

ApoA-Tspecific efflux from ]774 cells, MPMs, THP-1 cells,
and human MDMs was measured in cells labeled with [*H]
cholesterol delivered via AcLDL uptake and in the ab-
sence of any exogenous agents. ] 774 macrophages had the
most robust efflux in absolute terms (percent of cell la-
bel), followed by MDM, MPM, and THP-1 (data not shown).
When cholesterol efflux was measured (cpm as a function
of total cell protein), the amount of efflux roughly corre-
lated with the ratio of labeled CE to FC (CE/FC ratio; Fig.
1), demonstrating that, in general, the CE/FC ratio pre-
dicts the amount of cholesterol efflux. Importantly, there
is an inverse correlation between efflux versus FC/total
cholesterol ratio (data not shown), suggesting that the
amount of CE is important for efflux.

Independent effect of cAMP on ABCAl-mediated efflux

9cRA, an RXR ligand and enhancer of ABCAI gene ex-
pression, cAMP, a stimulator of efflux, and CTX, a stimu-
latory G-protein enhancer, were used to stimulate efflux.
We have completed time courses and concentration curves
with each drug in each cell type in separate experiments
and determined the best working conditions for each agent.
Pretreatment with cAMP (150 pM), CTX (2 pg/ml) and
9cRA (10 uM) for 12 h proved to be most effective, and all
subsequent experiments were performed under these con-
ditions, unless noted. Identical treatment conditions and
concentrations were used for each cell type to ensure com-
parability. In J774 cells, cAMP stimulated cholesterol ef-
flux to 350% of control untreated cells (Fig. 2A). CTX in-
creased cholesterol efflux to a level equivalent to the cAMP
effect. 9cRA stimulated slightly more than cAMP. Although
incubation of CTX and cAMP had no additive effect, incu-
bation of 9cRA together with cAMP resulted in an additive
effect, indicating that these agents have separate targets.
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Fig. 1. Cholesterol efflux correlates with the cholesteryl ester/
free cholesterol (CE/FC) ratio. A standard cholesterol efflux assay
was performed on J774, MPM, THP-1, and MDM cells. Total cellu-
lar lipids were separated by thin-layer chromatography, and the
CE/FC ratio was calculated. The correlation is plotted as choles-
terol efflux (media cpm/ug cell protein = SD) as a function of
CE/FC (£ SD).

Western blotting of ABCAl demonstrated that the efflux
levels approximately correlated with the ABCAL expres-
sion level, and that treatment with cAMP, CTX, or 9cRA
increased ABCA1 expression (blot shown is representative
of multiple experiments). In MPMs, the relative effects of
cAMP, CTX, and 9cRA were identical to those in J774
cells, except that the efflux was not as robust (Fig. 2B). On
the other hand, ABCA1 expression levels were only in-
creased by 9cRA treatment and only modestly with cAMP
or CTX treatment. In THP-1 cells (Fig. 2C) and MDMs
(Fig. 2D), there was no effect of cAMP or CTX on efflux.
Interestingly, there was a significant increase in efflux upon
9cRA treatment, and an additive effect of cAMP and 9cRA.
ABCALI expression levels were increased with 9cRA treat-
ment, whereas cAMP and CTX modestly increased ABCA1
expression. This result clearly shows a unique regulation
of efflux by cAMP and 9cRA in human macrophages, dif-
ferent from that in murine macrophages, and suggests
that cAMP regulates efflux by a mechanism other than by
stimulating expression.

Effect of cAMP on PKA activity

To investigate the effect of cAMP and whether its effect
is mediated through cAMP-dependent PKA, we utilized
HB89, a specific PKA inhibitor, at increasing concentra-
tions (data not shown). We have completed time courses
and concentration curves in each cell type in separate ex-
periments and determined the best working conditions
for H89. In J774 cells, H89 was only mildly effective at in-
hibiting efflux when included with a 12 h pretreatment
(Fig. 3A). When used in combination with cAMP, H89 was
ineffective. Western blotting of ABCA1 demonstrated that
the efflux levels approximately correlated with the ABCAl
expression level, and that treatment with cAMP increased
ABCALI expression but H89 had no effect (blot shown is
representative of multiple experiments). However, in the
other cell types, H89 had an intriguing effect. In MPMs,
HB89 had the ability to inhibit the cAMP-stimulated efflux
(pretreated for 12 h or added only during efflux), but
H89 had no inhibitory effect on basal efflux in the ab-
sence of cAMP (Fig. 3B). On the other hand, Western
blotting of ABCAI demonstrated that 12 h treatment with
HB89 actually increased ABCAI expression, in addition to
the enhancement of expression due to cAMP (blot shown
is representative of multiple experiments). In THP-1 cells
(Fig. 3C) and MDMs (Fig. 3D), H89 had the ability to sig-
nificantly reduce the basal level of efflux when added dur-
ing the efflux period in the absence or presence of cAMP.
Western blotting of ABCA1 demonstrated that H89 treat-
ment did not have an effect on ABCA1 expression (blot
shown is representative of multiple experiments). It should
be noted that in the experiments utilizing cAMP and H89
(Figs. 2, 3), phospholipid efflux experiments were per-
formed in parallel and the relative efflux values were com-
pletely in concurrence (data not shown).

Effect of Gi on cholesterol efflux

PTX, the inhibitor of the Gi, and mastoparan, an activa-
tor of Gi, were introduced to the media of J774 cells at 24 h,

Kiss, Maric, and Marcel Regulation of lipid efflux in macrophages 1879

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

800 1774 500

= A # . = B 4 « MPM
= =T =
S & 4001
S 6001 8
I n - *
& * & 3001 . &
*

% 4001 J E
T 200
o °
4] @
£ 200 g
o & 1001
2 2
&) (&}

0 - ; ' - - 0 :

control cAMP CTX 9cRA +CTX +9¢I‘FIA control cAMP CTX 9cRA +CTX +9IcF1A

cAMP cAMP
ke [ L1 Aeod A ‘J
300 300
# * 5
c ’—‘ THP-1 D - MDM
2501 250+ ’7 #*
*I w*
2001 2001 T
1501 150

Cholesterol efflux (% of control)
Cholesterol efflux (% of control)

110D

control cAMP CTX

Tl

control cAMP CTX

9cRA +CTX +89cRA 8cRA  +CTX +9cRA
cAMP cAMP

Y e e e

Fig. 2. Independent effect of cyclic AMP (cAMP) on ABCAl-mediated efflux. J774 (A), MPM (B), THP-1 (C), and MDM (D) cells were
treated with cAMP (150 pM), CTX (2 pg/ml), and 9cRA (10 wM) 12 h prior to and during efflux. Cells were then incubated with or without
apolipoprotein A-I (apoA-I) (50 pg/ml) in Dulbecco’s modified Eagle’s medium (DMEM)/BSA for 5 h. ApoA-Ispecific [*H]cholesterol ef-
flux was calculated, and apoA-I-specific efflux in the absence of any treatment was normalized to 100% (see Fig. 1 for average values, cpm
media/pg cell protein). Each individual experiment was performed in quadruplicate, and the average (*SD) of four independent experi-
ments is presented here. * P < 0.01 for this condition compared with control; # P < 0.01 between the two indicated conditions; ## P < 0.05
between the two indicated conditions. Western blot of ABCAI for each treatment condition has been normalized to total cell protein and
correlates with the efflux bars directly above. Quantification of bands for three independent experiments was compared with control (1.0-
fold) and represents the fold change. J774 cells: cAMP, 6.4 = 0.4; CTX, 6.5 = 0.2; 9cRA, 6.2 = 0.2; cAMP + CTX, 6.1 £ 0.2; cAMP + 9cRA,
7.6 = 0.6. MPMs: cAMP, 2.7 = 0.9; CTX, 3.2 £ 0.7; 9cRA, 6.1 * 0.7; cAMP + CTX, 3.3 = 0.4; cAMP + 9cRA, 7.6 = 0.6. THP-1 cells: cAMP,
1.4 = 0.4; CTX, 1.4 = 0.3; 9cRA, 4.4 = 0.4; cAMP + CTX, 1.5 = 0.3; cAMP + 9cRA, 6.3 = 0.8. MDMs: cAMP, 1.1 = 0.1; CTX, 1.2 = 0.1;

9cRA, 2.3 = 0.6; cAMP + CTX, 1.3 = 0.2; cAMP + 9cRA, 3.1 £ 0.7.

12 h, 2 h, and 0 h prior to efflux at varying concentrations
to determine the optimal conditions (data not shown). For
PTX, 12 h pretreatment gave the largest increase in ef-
flux, whereas treatment with mastoparan only during the
efflux period was most effective. Consistent with the hy-
pothesis that Gi is involved in efflux regulation, mastopa-
ran and PTX had opposing effects. Mastoparan inhibited
close to 40% and PTX stimulated close to 60% (Fig. 4).
The effects of these two drugs cancelled each other out
following a combined treatment and returned the net
cholesterol efflux to the initial, control level. Mastoparan
showed definite signs of inhibition, inasmuch as it de-
creased the efflux by 25% even in the presence of cAMP
(data not shown). Western blotting of ABCAl demon-
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strated that both mastoparan and PTX treatment increased
ABCAL expression (blot shown is representative of multi-
ple experiments). In the other cells, there was no signifi-
cant effect of PTX or mastoparan at any time point (data
not shown).

Effect of anisomycin on cholesterol efflux

Anisomycin strongly activates Jun N-terminal kinase, also
known as stress-activated protein kinase (JNK/SAPK) ac-
tivity and, to a lesser extent, p38 [reactivating kinase (RK)]
activity and mitogen-activated protein kinases (MAPKs).
Anisomycin was introduced to J774 cells at 200 nM, inhib-
iting cholesterol efflux by approximately 50% (Fig. 5). A
similar effect was also observed in THP-1 cells. Interest-
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Fig. 3. PKA inhibitor (H89) inhibits only cAMP-stimulated efflux in MPMs and basal efflux in THP-1 and MDM cells. J774 (A), MPM (B),
THP-1 (C), and MDM (D) cells were treated with cAMP (150 pM) or H89 (5 uM) for either 12 h prior to and during efflux or just during ef-
flux. Cells were then incubated with or without apoA-I (50 pug/ml) in DMEM/BSA for 5 h. ApoA-I-specific [*H]cholesterol efflux was calcu-
lated, and apoA-I-specific efflux in the absence of any treatment was normalized to 100%. Each individual experiment was performed in
quadruplicate, and the average (£SD) of four experiments is presented here. * P < 0.01 for this condition compared with control; ** P <
0.05 for this condition compared with control; # P < 0.01 between the two indicated conditions. Western blot of ABCALI for each treatment
condition has been normalized to total cell protein and correlates with the efflux bars directly above. Quantification of bands for three inde-
pendent experiments was compared with control (1.0-fold) and represents the fold change. J774 cells: cAMP, 5.9 + 0.5; cAMP + HS89 12 h,
5.7 £ 0.5; cAMP + H89 0 h, 6.1 = 0.3; H89 12 h, 1.3 = 0.1; H89 0 h, 1.0 * 0.3. MPMs: cAMP, 3.3 = 0.3; cAMP + H89 12 h, 6.1 * 0.7; cAMP +
H890h,3.0* 0.2, H8912h, 1.5 = 0.1; H89 0 h, 1.2 = 0.3. THP-1 cells: cAMP, 1.0 = 0.1; cAMP + H89 12 h, 1.1 = 0.1; cAMP + H89 0 h, 1.2 =
0.2, H89 12 h, 1.5 £ 0.2, H89 0 h, 1.4 = 0.2. MDMs: cAMP, 1.0 = 0.1; cAMP + H89 12 h, 1.0 = 0.1; cAMP + H89 0 h, 1.1 = 0.2; H89 12 h,

1.3 £0.2;,H89 0 h, 1.3 = 0.2.

ingly, anisomycin stimulated efflux in MPMs (400%) and
MDMs (50%), both primary cells. At this low concentration,
we observed no induction of apoptosis (data not shown),
but a significant effect on cholesterol efflux. This result il-
lustrates an important difference between cell lines and
primary cells of mouse and human origin. Western blot-
ting of ABCAI demonstrated that treatment with anisomy-
cin had no effect on ABCAI expression (data not shown).

Role of PKC in lipid efflux

PKC activators DOG and PMA, and the PKC inhibitor,
CalC, were used to assess the involvement of PKC in lipid
efflux. We have completed time courses and concentration
curves with each drug in each cell type in separate experi-

ments and determined the best working conditions for
each agent. DOG, PMA, and CalC had no significant ef-
fect in J774 cells and MDMs. The same lack of an effect
was seen even in the presence of cAMP (data not shown).
However, in MPM cells (Fig. 6A), the PKC activators caused
stimulation of cholesterol efflux, and the PKC inhibitors
caused an inhibition of cholesterol efflux. The respective
inhibition and stimulation of these drugs was even more
pronounced in the presence of cAMP, where CalC inhib-
ited the cAMP effect by about 50% and DOG induced an
additive effect with cAMP. This result suggests that PKA
and PKC activation of efflux is at least partially indepen-
dent. When added together, CalC and DOG mutually can-
celed each others’ effects. Western blotting of ABCAIl
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Fig. 4. Mastoparan and pertussis toxin (PTX) have opposing ef-
fects on cholesterol efflux in 774 cells. J774 cells were treated with
PTX (100 ng/ml) for 12 h prior to and during efflux, and cells
were treated with mastoparan (10 wM) only during the efflux pe-
riod. Cells were then incubated with or without apoA-I (50 wg/ml)
in DMEM/BSA for 5 h. ApoA-I-specific [*H]cholesterol efflux was
calculated, and apoA-I-specific efflux in the absence of any treatment
was normalized to 100%. Each individual experiment was performed
in quadruplicate, and the average (£SD) of three experiments is pre-
sented here. * P < 0.01 for this condition compared with control;
##% P < 0.05 for this condition compared with control. Western blot
of ABCAL for each treatment condition has been normalized to to-
tal cell protein and correlates with the efflux bars directly above.
Quantification of bands for three independent experiments was
compared with control (1.0-fold) and represents the fold change.
J774 cells: PTX, 2.8 * 0.8; mastoparan, 3.2 = 1.0; both, 2.6 = 0.5.

demonstrated that treatment with CalC, PMA, and DOG
had no effect on ABCAI expression (blot shown is represen-
tative of multiple experiments). In THP-1 cells, under the
same treatment conditions, these effects were also observed
(Fig. 6B), although to a lesser extent. In THP-1 cells, West-
ern blotting of ABCAI demonstrated that treatment with
CalC, PMA, and DOG had no effect on ABCAI expression
(blot shown is representative of multiple experiments).

To address the hypothesis that PKA primarily regulates
ABCALI and phospholipid and cholesterol efflux, whereas
PKC affects only cholesterol efflux, we examined phospho-
lipid and cholesterol efflux in MPM (Fig. 7A) and THP-1
(Fig. 7B) cells in the presence of the PKC agents. Phos-
pholipid efflux was unaffected by CalC and DOG, whereas
cholesterol efflux was sensitive to all treatments. Glyburide
treatment acted as the positive control for inhibition of
both phospholipid and cholesterol efflux. As a result, we
can demonstrate that phospholipid and cholesterol efflux
can be functionally separated in MPM and THP-1 cells,
and that PKC effectors affect only cholesterol efflux in
these two cell types. The comparison of all the results for
each cell type is shown in Table 1.

DISCUSSION

ABCAL expression can be regulated by cellular choles-
terol levels and by ligand stimulation of the LXR/RXR re-
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prior to efflux. Then cells were incubated with or without apoA-I
(50 pg/ml) in DMEM/BSA for 5 h. ApoA-I-specific [®*H]cholesterol
efflux was calculated, and apoA-I-specific efflux in the absence of
any treatment for each cell type was normalized to 100%. Each indi-
vidual experiment was performed in quadruplicate, and the aver-
age (£SD) of three experiments is presented here. * P < 0.01 for
this condition compared with control.

sponse element in the ABCA1 gene. cAMP is also poten-
tially capable of stimulating ABCAI transcription, but by a
mechanism distinct from LXR/RXR. No cAMP response
element in the proximal region of the ABCAI gene has
thus far been found. Cavelier and colleagues showed that
human ABCA1 gene expression responded differently to
cAMP than mouse ABCA1 did (5). Some studies showed
that J774 cells and MPMs display cAMP-stimulated ABCA1
gene transcription and surface expression in the absence
of cholesterol loading (32, 47). Our results showed that
cAMP significantly stimulated cholesterol efflux in mouse
J774 cells and MPMs, but not in human THP-1 cells or
MDMs, confirming some previous observations (12, 47,
48). Contreras and Lasuncion (12) argued that the lack of
a cAMP effect in human macrophages was due to the ap-
parent absence of hormone-sensitive lipase in human
macrophages, but this point is controversial (49-51). We
extended these results by examining the effects of CTX
and 9cRA. In mouse cells, CTX stimulated efflux to the
same level as did cAMP, and in human cells, CTX was
equally ineffective as cAMP (Fig. 2). When cAMP and
CTX were added together, no additional efflux was ob-
served, indicating that they were working through the
same pathway. On the other hand, 9cRA increased efflux
and ABCA1 expression in all cells, including the human
macrophages, even though there was no effect of cAMP.
The combination of 9cRA and cAMP was additive in all
cells, even in the human macrophages that had no re-
sponse to cAMP when added alone. In J774 cells, cAMP
and CTX did induce expression of ABCAl, and H89 had
almost no effect on efflux, indicating that the effect of
cAMP in J774 cells is due to induced expression of
ABCAI. In MPMs, ABCA1 expression was moderately in-
duced by cAMP but H89 was able to inhibit the cAMP-
inducible efflux. Therefore, the cAMP-inducible phosphor-
ylation of ABCAIl by PKA is a component of the efflux
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Fig. 6. PKC effectors regulate cholesterol efflux. MPM (A) and THP-1 (B) cells were treated with cAMP
(150 M) 12 h prior to and during efflux. Cells were treated with dioctanoylglycerol (DOG) (200 pM), phor-
bol 12-myristate 13-acetate (PMA) (100 nM), and calphostin C (CalC) (50 nM) 3 h prior to efflux. Cells were
then incubated with or without apoA-I (50 pug/ml) in DMEM/BSA for 5 h. ApoA-I-specific [*H]cholesterol
efflux was calculated, and apoA-I-specific efflux in the absence of any treatment was normalized to 100%.
Each individual experiment was performed in quadruplicate, and a representative of four experiments is
presented here. * P < 0.01 for this condition compared with control; ** P < 0.05 for this condition com-
pared with control; # P < 0.01 between the two indicated conditions; ## P < 0.05 between the two indicated
conditions. Western blot of ABCA1 for each treatment condition has been normalized to total cell protein
and correlates with the efflux bars directly above. Quantification of bands for three independent experi-
ments was compared with control (1.0-fold) and represents the fold change. MPM cells: CalC, 1.2 * 0.2;
DOG, 1.0 = 0.2; PMA, 1.1 = 0.2; CalC/DOG, 1.5 £ 0.3; glyburide, 1.3 = 0.3; cAMP, 3.7 = 0.5; cAMP + CalC,
4.1 = 0.6; cAMP + DOG, 3.6 = 0.2; cAMP + glyburide, 3.4 = 0.3. THP-1 cells: CalC, 1.0 * 0.3; DOG, 1.2 *
0.4; PMA, 1.1 £ 0.3; CalC/DOG, 1.1 * 0.3; glyburide, 1.0 = 0.2; cCAMP, 1.3 * 0.4; cAMP + CalC, 1.3 = 0.3;
cAMP + DOG, 1.4 = 0.4; cAMP + glyburide, 1.2 = 0.3.
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Fig. 7. PKC effectors regulate cholesterol efflux but do not affect
phospholipid efflux. MPM (A) and THP-1 (B) cells were treated
with DOG (200 uM), CalC (50 nM) 3 h prior to efflux or glyburide
(100 uM) 1/2 h prior to efflux. Cells were then incubated with or
without apoA-I (50 wg/ml) in DMEM/BSA for 5 h. ApoA-I and as-
sociated lipids were immunoprecipitated from the media. ApoA-I-
specific [*H]cholesterol efflux and [*H]phospholipid efflux (cpm/
mg cell protein) were calculated, and apoA-I-specific efflux in the
absence of any treatment was normalized to 100%. Each individual
experiment was performed in triplicate, and a representative ex-
periment is presented here. * P < 0.01 for this condition compared
with control.

machinery in MPMs. In THP-1 and MDM cells, where cAMP
alone had no effect on efflux, H89 was effective at reduc-
ing the basal level of efflux in the absence of cAMP and
less significantly in the presence of cAMP. The H89 effect
in THP-1 and MDM cells was more evident when H89 was
added during the efflux period (no pretreatment) sug-
gesting that the role of cAMP was more in functional regu-
lation by PKA-dependent phosphorylation than in tran-
scription. We propose that in THP-1 and MDM cells,
where cAMP alone has no effect, the basal cholesterol-
loaded state already has an optimally upregulated PKA
and ABCA1, which can be inhibited by H89. Only upon
induction of expression of ABCA1 by another means (in
this case 9cRA treatment) can we further promote efflux
by cAMP, probably by both enhancement of transcription
[Western blot (Fig. 2)] and PKA-dependent phosphoryla-
tion of ABCAI (sensitive to H89). Therefore, cAMP regu-
lates cholesterol efflux predominantly by activation of
PKA in MPMs, THP-1 cells, and MDMs, but in J774 cells,
cAMP regulates cholesterol efflux by induction of expres-
sion of ABCAL.
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Previously, it was found that PTX could induce a TD-
like pattern of formation of lipids in fibroblasts, suggest-
ing the involvement of Gi in the regulation of lipid efflux
(30). PTX was used to inhibit Gi, thereby preventing Gi
from inhibiting adenylate cyclase. As such, the effect of PTX
is very subtle in comparison to CTX treatment. However,
PTX also inhibited cholesterol efflux in the presence of
cAMP, bypassing the regulation of adenylate cyclase, sug-
gesting that PTX may act at another site, perhaps in the
regulation of PLC and PLD (30).

Anisomycin strongly activates JNK/SAPK activity and, to
a lesser extent, p38 (RK) activity and MAPKs (52, 53). Ani-
somycin treatment stimulated cholesterol efflux in human
skin fibroblasts (54). Anisomycin introduced to J774 and
THP-1 cells inhibited cholesterol efflux approximately
40-50% (Fig. 5). On the other hand, cholesterol efflux
was stimulated in MPM (350%) and MDM (50%) cells. In
these cases, the transformed cell lines were inhibited and
primary cells were stimulated by anisomycin. Previous
work showed that cAMP significantly stimulates efflux in
immortalized fibroblasts, but not as strongly as in primary
fibroblasts (2, 55), demonstrating that transformation of
cells alters the regulation and metabolic state of cells.
These observations lead us to propose that the JNK/SAPK
pathways are alternatively regulated in transformed cells
and primary cells, and the J]NK/SAPK pathway may play a
role in cholesterol efflux. Recently, Witting, Maiorano, and
Davidson demonstrated that ceramide increased ABCA1-
dependent cholesterol efflux without inducing apoptosis
(56), with supporting evidence that ceramide may be act-
ing through JNK/SAPK (57, 58).

Apolipoprotein-mediated lipid efflux involves the inter-
action of apoA-I with the cell surface, and then ABCAI1
translocates phospholipid and possibly cholesterol at the
plasma membrane to apoA-l. The role of ABCAI in cho-
lesterol efflux and the possible separation of functional
phospholipid and cholesterol efflux is a matter under cur-
rent investigation and may be cell specific (34, 35, 59).
ApoA-I/phospholipid complexes may trigger downstream
signaling, causing the release of intracellular stores of cho-
lesterol, and subsequently promote cholesterol efflux in a
second step (34, 35, 60). The nature of these intracellular
cholesterol stores is currently unclear, although some re-
cent work suggests that cholesterol from the late endo-
some/lysosome (61) or endosomal recycling compartment
(62), as well as newly synthesized cholesterol and stored
cholesteryl ester (63), may be major sources. The observa-
tion that cholesterol efflux levels correlate with the CE/
FC ratio (Fig. 1) also suggests that in these macrophages,
the ACAT-accessible pool serves as a major source of cho-
lesterol for efflux.

Mendez, Oram, and Bierman suggested that the activa-
tion of PKC results in mobilization and translocation of in-
tracellular cholesterol from its storage location to the cell
surface (64). This result was later confirmed by Li, Tsujita,
and Yokoyama (32) and Drobnik et al. (28). Activation of
PKC by phorbol esters resulted in activation of efflux to
apoA-I or HDL (27, 32, 64-66). It is believed that the PKC
cascade involves the PC-specific PLC-mediated breakdown
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TABLE 1. Summary of relative effects of different agents on phospholipid and cholesterol efflux in four
different macrophagic cell types®

J774 MPM THP-1 MDM

Agents PL Efflux FC Efflux PL Efflux FC Efflux PL Efflux FC Efflux PL Efflux FC Efflux
cAMP 225 *+ 23 356 = 27 284 + 47 224 + 37 102 = 22 92 + 19 110 = 20 111 £ 29
9-cRA 323 = 45 428 + 40 302 = 39 269 * 32 241 = 25 206 = 8 239 + 41 188 + 14
CTX 244 *+ 62 372 = 20 267 = 42 217 = 48 103 £9 89 = 12 112 £ 19 114 £ 28
H89 0 h 112 £ 21 119 £ 13 118 = 22 91 £ 4 51 =13 46 = 15 63 = 10 53 + 7

H89 12 h 109 =8 72 +9 124 = 29 147 = 16 82 =*9 74+ 6 98 £ 8 108 £ 6

CalC 90 £ 15 91 +9 99 + 7 8+1 97 + 6 85+ 6 95 = 11 97 + 15
DOG 107 = 17 106 = 14 105 £9 196 = 29 103 £ 5 138 £ 5 102 £ 12 109 £ 12
PMA 104 £ 16 112 £ 11 110 £ 10 175 * 38 106 = 17 140 = 7 114 = 23 113 = 25
Glyburide 55 £ 8 53 £ 11 48 =7 63 £ 14 36 =7 20 £ 3 44 *£5 56 = 16
PTX nd 164 = 14 nd 98 + 12 nd 113 = 20 nd 95 + 7

Mastoparan nd 61 =19 nd 91 =7 nd 92 + 17 nd 89 + 14
Anisomycin nd 46 £ 4 nd 483 = 40 nd 47+ 6 nd 152 = 16

aJ774, MPM, THP-1, and MDM cells were prepared as described in Experimental Procedures. Mouse J774 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (P/S). Mouse peritoneal macrophages (MPMs) were obtained by peritoneal lavage
from Swiss-Webster mice and maintained in DMEM/10% FBS media for 72 h prior to cholesterol loading. Human
THP-1 cells were grown in suspension in RPMI media supplemented with 10% FBS, 1% P/S, 1% L-glutamine, and
5 mM B-mercaptoethanol. They were differentiated by treatment with phorbol myristyl acetate (PMA) (10 nM) for
72 h prior to the experiment. Human monocyte-derived macrophages (MDMs) were prepared following the pro-
cedure of Cohen etal. (44). The cells were maintained in culture for 12 days to allow the monocytes to differentiate
into macrophages. Cholesterol loading and efflux assays were performed according to the Experimental Procedures.

CalC, calphostin C; cAMP, cyclic AMP; 9-cRA, 9-cisretinoic acid; CTX, cholera toxin; DOG, 1,2-dioctanoylglyc-
erol; FC, free cholesterol; nd, not determined; PL, phospholipid; PTX, pertussis toxin.

of PC into DAG, which is responsible for the activation of
PKC and phosphorylation of ABCAl (29). In SMCs, Li,
Tsujita, and Yokoyama used PMA to activate PKC and
thereby induced a significant increase in cholesterol ef-
flux (31, 32). Recently, Haidar et al. performed a study in
human fibroblasts to determine the effects of PKC activa-
tion and inhibition on cholesterol efflux (26). The evi-
dence that PKC activators can stimulate cholesterol efflux
in Tangier fibroblasts suggests that cholesterol efflux is
partially independent of ABCA1 and that ABCAI may not
be the only target of PKC. This finding also suggests the
very interesting possibility that phospholipid and choles-
terol efflux can be independently regulated. In this case,
Li, Tsujita, and Yokoyama demonstrated that PKC inhibi-
tion had an effect only on cholesterol efflux, and not on
phospholipid efflux, in MPMs (32). Our results are strongly
in support of this observation. Recently, Yamauchi et al.
demonstrated that PKC inhibitors could inhibit phospho-
lipid efflux to a small but significant extent in WI-38 fibro-
blasts (29). More recently, the same authors confirmed a
difference between WI-38 and 1.929 fibroblasts, and sug-
gested that PKC may independently regulate cholesterol
efflux in L1929 cells (33). Other evidence suggests that
cholesterol efflux may be coincident with phospholipid ef-
flux and is mediated by ABCAL (59). Our results suggest
that both PKA and PKC can stimulate cholesterol efflux
and that the mechanisms are at least partially indepen-
dent. PKC agents did not affect phospholipid efflux in MPM
and THP-1 cells, and the combination of a PKC-stimula-
tory agent (DOG) and cAMP resulted in an additive stim-
ulatory effect on efflux. Therefore, our results suggest that
in the macrophages described in this study, PKA regulates
both phospholipid and cholesterol efflux, whereas PKC
regulates a separate step of cholesterol efflux. This action

of PKC in mobilizing stored cholesteryl ester would be
consistent with our results, although there have been no
reports of activation by PKC on hormone-sensitive lipase
or cholesteryl ester hydrolase. Our data do not rule out the
possibility that PKC can also regulate ABCA1 directly, by
phosphorylation.

In this paper, we have made many novel comments
about macrophage lipid efflux. We have defined the effects
of cAMP in four commonly used macrophage cells. In
MPMs, cAMP regulates ABCAl by modulation of expres-
sion and phosphorylation by PKA, whereas in J774 cells,
cAMP only affects expression of ABCAl. PKC predomi-
nantly induces cholesterol efflux, but not phospholipid ef-
flux, independent of an induction of ABCAIl expression
in MPM and THP-1 cells. On the basis of these studies, un-
induced MPMs represent the best model for mouse mac-
rophages. In MPMs, ABCA1 expression was responsive to
cAMP, but all cAMP-inducible efflux was inhibitable by
H89, a PKA inhibitor. As well, MPM cholesterol efflux was
modulated by PKC agents. For human macrophages,
THP-1 cells and MDMs were equally reliable in terms of
responsiveness to treatments, but the variability inherent
in multiple donors for MDMs and the extended period in
culture makes MDMs more difficult. As part of the present
literature review, it has become evident that cell type (in-
cluding primary and transformed cells) can play a very im-
portant role in determining which pathways regulate lipid
efflux. In fact, the conflicting data about regulation of
lipid efflux present in the literature may predominantly
be explained by the choice of cell model. This work has
highlighted differences even between macrophages. In
any case, relevant cell models must be considered to attain
appropriate information about ABCAIl regulation and

lipid efflux. il
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