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Absence of endogenous phospholipid transfer protein
impairs ABCA1-dependent efflux of cholesterol from

macrophage foam cells
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and Matti JauhiainenJr
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Abstract In vitro experiments have demonstrated that ex-
ogenous phospholipid transfer protein (PLTP), i.e. purified
PLTP added to macrophage cultures, influences ABCAI-
mediated cholesterol efflux from macrophages to HDL. To
investigate whether PLTP produced by the macrophages
(i.e., endogenous PLTP) is also part of this process, we used
peritoneal macrophages derived from PLTP-knockout (KO)
and wild-type (WT) mice. The macrophages were trans-
formed to foam cells by cholesterol loading, and this re-
sulted in the upregulation of ABCAl. Such macrophage
foam cells from PLTP-KO mice released less cholesterol to
lipid-free apolipoprotein A-I (apoA-I) and to HDL than did
the corresponding WT foam cells. Also, when plasma from
either WT or PLTP-KO mice was used as an acceptor, cho-
lesterol efflux from PLTP-KO foam cells was less efficient
than that from WT foam cells. After cAMP treatment, which
upregulated the expression of ABCAI, cholesterol efflux
from PLTP-KO foam cells to apoA-I increased markedly and
reached a level similar to that observed in cAMP-treated WT
foam cells, restoring the decreased cholesterol efflux asso-
ciated with PLTP deficiency.lli These results indicate that
endogenous PLTP produced by macrophages contributes to
the optimal function of the ABCAl-mediated cholesterol
efflux-promoting machinery in these cells. Whether macro-
phage PLTP acts at the plasma membrane or intracellularly
or shuttles between these compartments needs further
study.—Lee-Rueckert, M., R. Vikstedyt, J. Metso, C. Ehnholm,
P. T. Kovanen, and M. Jauhiainen. Absence of endogenous
phospholipid transfer protein impairs ABCAl-dependent
efflux of cholesterol from macrophage foam cells. J. Lipid
Res. 2006. 47: 1725-1732.
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Antiatherogenic HDLs are under continuous remodel-
ing in the circulation by several plasma factors, and one
actively studied among them is phospholipid transfer pro-
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tein (PLTP). PLTP was initially described as a plasma
component that transfers phospholipids to HDL (1). At
present, PLTP has been assigned a key role in the intra-
vascular remodeling of HDL (2, 3). PLTP promotes the
transfer of VLDL postlipolytic surface remnants, mainly
composed of phospholipids, to HDL subclasses, but the
transfer mechanism is not known in detail. Studies con-
ducted in vitro have demonstrated that plasma PLTP pro-
motes the remodeling of HDL through the formation of
large and fused HDL particles with concomitant genera-
tion of preB-migrating HDL (preB-HDL) (4). Further-
more, mice expressing high levels of PLTP have increased
potential for prep-HDL formation and accelerated hepatic
uptake of HDL lipids in vivo (5).

There is compelling evidence that a low level of HDL
cholesterol is a strong predictor of coronary heart dis-
ease and that HDL can protect against atherosclerosis by
diverse mechanisms. One of them is related to the ability
of HDL to promote the efflux of cholesterol from macro-
phage foam cells and thus inhibit the progression of
atherosclerosis. HDL particles also mediate the transport
of cholesterol to the liver for excretion along the pathway
known as reverse cholesterol transport (RCT) (6). An im-
portant step of RCT in the arterial intima is the release
of cholesterol from macrophages via ATP binding cas-
sette transporter protein-1 (ABCAL), for which the major
physiological acceptors are lipid-poor apolipoprotein A-I
(apoA-I) and preB-HDL particles (7). Cholesteryl ester
transfer protein (CETP), the other plasma lipid transfer
protein, also generates pre3-HDL (8). However, transgenic
mouse models have demonstrated that PLTP, rather than
CETP, is the main contributor to the generation of pref-
HDL (9). Other studies have clearly shown that overex-
pression of PLTP increases the antiatherogenic potential
of HDL (5, 10, 11). However, the finding that overexpres-
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sion of PLTP in mice increased atherosclerotic lesion
formation, mainly by increasing the production of apoB
lipoproteins (12, 13), has challenged the suggested anti-
atherogenic role for PLTP.

PLTP is widely distributed among tissues and body fluids
(14) and is also present in human atherosclerotic lesions
(15, 16). The observations that PLTP can be secreted by
intimal macrophages (15), and that cholesterol loading
increases PLTP expression in cultured macrophages (16),
suggest that PLTP could play an antiatherogenic role by
generating lipid-poor preB-HDL in the macrophage-rich
areas of atherosclerotic plaques. More direct involvement
of PLTP in the removal of cellular cholesterol and phos-
pholipids via the ABCA1 pathway was reported recently,
suggesting that pericellular PLTP could have an interme-
diary role in RCT (17). In addition, macrophage foam
cells in human plaques contain abundant PLTP, which is
associated with intracellular lipid droplets and is also lo-
cated at the plasma membrane (16). These facts raise the
possibility that endogenous PLTP might also have some
intracellular functions. Indeed, recent data have demon-
strated that PLTP activity and protein are abundant in the
Golgi apparatus of hepatocytes, suggesting that intracel-
lular PLTP might participate in apolipoprotein lipidation
steps via its activity in these organelles (18).

Whether endogenous PLTP plays an intracellular role in
ABCAl-dependent efflux from macrophages is unknown.
To address this question, we studied the ABCAl-dependent
efflux of cholesterol from peritoneal macrophages derived
from PLTP-deficient mice and compared it with cholesterol
efflux from wild-type (WT) macrophages. We found that
cholesterol efflux from PLTP-deficient macrophage foam
cells is defective and that the defect can be corrected by
robust stimulation of the ABCAl-dependent pathway. These
results support an intracellular role for endogenous macro-
phage PLTP in ABCAl-mediated cholesterol efflux from
macrophage foam cells.

EXPERIMENTAL PROCEDURES

Animals

PLTP knockout (KO) (19) and C57BL/6] WT mice (8-12 weeks
old) were matched for sex and age. Mice were provided with a
standard chow diet and water ad libitum. Fasting blood was
collected in precooled plastic tubes with EDTA (1 mg/ml) and
centrifuged at low speed at 4°C to separate plasma. Plasma was
placed on ice and used immediately or stored at —70°C until use.

Human plasma lipoproteins
LDL (1.019-1.050 g/ml) and HDL (1.125-1.210 g/ml) were

isolated from normolipidemic human plasma by sequential
ultracentrifugation using KBr for density adjustments. The quan-
tities of the lipoproteins are expressed in terms of their protein
content. As reported previously (20, 21), the ultracentrifugally
isolated HDLg fraction contained a minor component of pre[3-
HDL. LDL was acetylated in the presence of acetic anhydride
(22), and the acetyl-LDL was radiolabeled by treatment with [1,2-
*H]cholesteryl linoleate (Amersham Biosciences, Piscataway, NJ)
dissolved in dimethyl sulfoxide (23). The specific activities of the
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[*H]cholesteryl ester (CE)-acetyl-LDL preparations ranged from
50 to 90 dpm/ng protein. Lipoprotein preparations were endotoxin-
free based on the Limulus Amebocyte Lysate assay (Cambrex Bio
Science, Walkersville, MD).

Cell cultures and loading of mouse peritoneal
macrophages with CEs

Peritoneal cells from nonstimulated PLTP-KO and WT mice
were harvested into PBS containing 1 mg/ml BSA. The cells
were recovered after centrifugation, resuspended in DMEM
(Invitrogen, Carlsbad, CA) containing 100 U/ml penicillin and
100 pg/ml streptomycin, and plated onto 24-well plates (BD
Biosciences, Franklin Lakes, NJ). After incubation at 37°C for 2 h
in 2 humidified COy incubator, nonadherent cells were removed
by washing the wells with PBS. The adherent cells (i.e., macro-
phages) were loaded with cholesterol by incubation for 18 h in
the presence of 20 pg/ml [ZH]CE-acetyl-LDL in DMEM supple-
mented with 20% fetal calf serum. Macrophage morphology was
monitored by microscopy before and after cholesterol loading.
Viability of the cells was determined by lactate dehydrogenase
activity assay using a commercial kit (Cytotoxicity Detection Kit,
No. 1644793; Roche). No differences in cell viability were ob-
served between the WT and PLTP-KO cells with or without acetyl-
LDL loading (lactate dehydrogenase in culture medium ranged
from 10.8% to 12.6%). For neutral lipid visualization, cells were
treated with Oil Red O (Sigma-Aldrich, St. Louis, MO) and nuclei
were stained with hematoxylin. To compare the ability of PLTP-
KO and WT macrophages to take up acetyl-LDL, macrophages
were incubated for 18 h in medium containing 10, 20, or 30 wg/ml
acetyl-LDL, and cellular lipids were extracted by the addition
of hexane-isopropanol (3:2, v/v). CE and free cholesterol (FC)
from the lipid extracts were separated by high-performance TLC,
and their quantities were determined with an automatic plate
scanner (CAMAG TLC). Cellular lipids in the nonloaded macro-
phages were also quantified by this method. For efflux experi-
ments using nonloaded macrophages, the cells were merely
radiolabeled with cholesterol by incubating them for 24 h in
DMEM containing 4 wCi/ml [1,2-*H]cholesterol in ethanol
(vehicle < 0.1% in medium) and 2 pg/ml of the ACAT inhibitor
Sandoz 58-035 dissolved in DMSO (vehicle < 0.5% in medium)
(a generous gift from Novartis, Basel, Switzerland) to prevent the
esterification of radiolabeled cholesterol (24).

cAMP stimulation of mouse peritoneal macrophages

[3H]CE—cholesterol-loaded (foam cells) and [3H]FC-1abeled
(basal) macrophages were washed with PBS and incubated for
18 h in DMEM in the presence or absence of 0.3 mM 8-
(4-chlorophenylthio)adenosine 3',5’-cyclic monophosphate
(Sigma-Aldrich).

Cholesterol efflux assay

Purified human lipid-free apoA-I was kindly provided by
Dr. Peter Lerch (Swiss Red Cross, Bern, Switzerland). The time
course (2, 4, and 6 h) of efflux to apoA-I demonstrated that,
under the conditions used, [*H]cholesterol efflux from either
WT or PLTP-KO macrophage foam cells was linear up to 4 h of
incubation (data not shown). Human HDL3 and mouse plasma
were also used as cholesterol acceptors. [*H]CE-cholesterol-
loaded and [3H]FC-labeled nonloaded macrophages were in-
cubated with DMEM in the presence or absence of cholesterol
acceptors at different concentrations, as shown in the figures. In
the experiments using mouse plasma as cholesterol acceptor,
10 TU/ml recombinant hirudin (CibaGeigy, Dover Township,
NJ) as anticoagulant was added to the culture medium. After 4 h
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of incubation, cells were solubilized by treatment with 0.2 M
NaOH and protein concentrations of the cell lysates were deter-
mined. Media were collected and centrifuged at 200 g for 5 min,
and the radioactivity of each supernatant was evaluated by liquid
scintillation counting and normalized for cellular protein mass.
Specific efflux values to different acceptors were calculated by
subtracting efflux values obtained with the medium only.

Other assays
ApoA-I was determined by a direct ELISA procedure (25).
PLTP activity was measured by a radiometric assay, after phos-

pholipid transfer from radiolabeled donor phospholipid lipo-
somes to acceptor HDL; particles (26).

Statistical analysis

Results are reported as means * SD of triplicate incuba-
tions. Statistical significance (P < 0.05) was determined by two-
tailed Student’s ttest. The software Prism (GraphPad, Inc., San
Diego, CA) was used to calculate K,, values. Values shown in
the figures are representative of triplicate runs of at least two or
three experiments.

RESULTS

We studied the efflux of [*H]cholesterol from non-
elicited peritoneal macrophages derived from the PLTP-
KO mouse under various conditions that upregulate
ABCAl-dependent efflux. After treatment of the macro-
phages with acetyl-LDL, we observed that the morpho-
logical features of PLTP-KO and WT foam cells were very
similar (Fig. 1A), as was the intensity of the stained intra-
cellular lipid droplets (Fig. 1B). Next, we investigated the
efflux of cholesterol to HDL3 from PLTP-KO macro-
phages both in their basal state (i.e., when not loaded with
CE) and after their conversion to foam cells (i.e., when
loaded with CE) (Fig. 2). As reported previously, choles-
terol loading of macrophages with acetyl-LDL leads to the
formation of macrophage foam cells, with subsequent

Wild-type

Fig. 1. Comparison of the cellular morphology of foam cells
derived from wild-type (WT) and phospholipid transfer protein
knockout (PLTP-KO) macrophages. Peritoneal macrophages were
isolated from nonstimulated PLTP and WT mice and incubated
for 18 h at 37°C in the presence of 20 pg/ml [3H]cholesteryl
ester (CE)-acetyl-LDL (100,000 dpm/well) in DMEM supplemen-
ted with 20% fetal calf serum. A: Morphology of WT and PLTP-KO
macrophage foam cells was evaluated by light microscopy after
cholesterol loading. B: Neutral lipids in the cytoplasm of foam cells
derived from WT and PLTP-KO mice were stained with Oil Red O
and visualized with light microscopy. Original magnifications, X40
(A) and X100 (B).
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Fig. 2. [?’H]Cholesterol efflux from PLTP-KO and WT macro-
phages to HDLg3. Mouse peritoneal macrophages were labeled by
exposing the cells for 24 h to [®H]free cholesterol (FC; 4 nCi/ml)
in the presence of Sandoz 58-035 compound (2 pug/ml) (A) or
cholesterol-loaded by incubation for 18 h with 20 wg/ml [SH]CE—
acetyl-LDL (B). After washing the cells, increasing concentrations
of HDLg3 were added to fresh medium. After incubation for 4 h, the
medium was removed and centrifuged at low speed to eliminate
cell debris. NaOH (0.2 M) was added to the wells to solubilize the
cells and measure their protein contents. Efflux of cholesterol was
expressed by determination of *H radioactivity in medium and
normalizing the values for the cell protein. Parallel wells of macro-
phages were incubated in medium free of HDL3 to subtract the
background efflux (blanks). Each value is the mean of triplicate
wells = SD. Statistically significant differences between PLTP-KO
and WT macrophages are indicated (* P < 0.05 by ttest). K,, values
(Prism software) are shown in the lower insets in both panels. The
upper inset in A shows apolipoprotein A-I (apoA-I) immunoblot-
ting of HDL; after agarose electrophoresis, demonstrating the pres-
ence of both a and pref bands. The content of pref-migrating
HDL (preB-HDL) in the HDL; preparation was 8% (percentage of
the sum of a- and preB-HDL).

overexpression of ABCAl and ensuing stimulation of cho-
lesterol efflux (27), its magnitude being related to the con-
tent of lipid-poor apoA-I-containing particles (preB-HDL)
in the HDLg preparation used as a cholesterol acceptor
(28). In three different HDLg preparations, prep-HDL
ranged from 6% to 8% as calculated from the sum of
o-and prep-HDL, as described previously (10, 11). The pres-
ence of preB-HDL particles in one of the HDLg prepara-
tions used in this study is shown in Fig. 2A (upper inset).
The nonloaded mouse peritoneal macrophages, in which
ABCAI activity is very low, were labeled with [3H]FC in the
presence of compound 58-035, an ACAT inhibitor. Addi-
tion of increasing concentrations of HDLg showed that
the nonloaded macrophages released cholesterol with low
efficiency, probably reflecting diffusional efflux of cho-
lesterol, which was likely independent of the intracellular
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availability of PLTP (Fig. 2A, K,, values in lower inset). In
contrast, when ABCAl-mediated efflux was upregulated
by cholesterol loading of the cells, high-affinity and satura-
ble efflux of cholesterol was observed in a concentration-
dependent manner (Fig. 2B). More importantly, cholesterol
efflux was markedly reduced from PLTP-KO cholesterol-
loaded macrophages, and the K,, value increased by 2-fold
compared with that of WT macrophages (15.6 vs. 8.2 pg/ml,
respectively) (Fig. 2B, lower inset). After efflux, no PLTP
activity could be measured in the culture media of WT
cells. Because the prep-HDL-dependent efflux was af-
fected, these findings suggest a functional role for endog-
enous macrophage PLTP in ABCAl-mediated cholesterol
efflux. To further evaluate this hypothesis, we studied cho-
lesterol efflux from [SH]CE-loaded macrophages in the
presence of low concentrations of human lipid-free apoA-I
that specifically involves the ABCAl-mediated pathway.
Time-dependent (2 and 4 h) and concentration-dependent
(0 to 25 png/ml apoA-l in medium) experiments demon-
strated that the rate of cholesterol efflux to apoA-I was
higher from WT than from PLTP-KO foam cells (Fig. 3).
With higher apoA-I concentration (50 wg/ml), the differ-
ences in efflux between the two cells remained the same
(data not shown). These results indicate that impaired
ABCAl-mediated efflux was associated with the absence of
endogenous PLTP.
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Fig. 3. [BH]Cholesterol efflux from PLTP-KO and WT macro-
phage foam cells to apoA-I. Mouse peritoneal macrophages were
converted to foam cells by incubation for 18 h at 37°C in the
presence of 20 pg/ml [°’H]CE-acetyl-LDL in DMEM supplemented
with 20% fetal calf serum. After incubation for 2 and 4 h with in-
creasing amounts of lipid-free apoA-I, the medium was removed
and centrifuged at low speed to eliminate cell debris. NaOH
(0.2 M) was added to the wells to solubilize the macrophage foam
cells and measure their protein contents. Efflux of cholesterol was
expressed by determination of *H radioactivity in medium and
normalizing the values as dpm in medium/ug cellular protein.
Parallel wells of macrophages were incubated in medium free of
apoA-I to subtract the background efflux (blanks). Each value is the
mean of triplicate wells = SD. Statistically significant differences
between PLTP-KO and WT macrophages are indicated (* P < 0.05
by ttest).
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To verify that the observed reduction in cholesterol
efflux from PLTP-deficient macrophages was not a conse-
quence of reduced cholesterol loading, we compared the
cellular lipid contents of PLTP-KO and WT macrophages
incubated for 18 h in the presence of 20 pg/ml [°H]CE-
acetyl-LDL. In the basal state (i.e., before cholesterol load-
ing of the cells with acetyl-LDL), we analyzed cellular lipids
in the nonloaded cells. Free cholesterol was slightly in-
creased in WT macrophages, whereas no differences in
cholesterol fatty acyl esters were observed between the two
types of macrophages (Table 1). Acetyl-LDL treatment led
to abundant formation of foam cells from both WT and
PLTP-KO macrophages (Fig. 1B). Furthermore, a similar
degree of lipid loading was observed when 20 pg/ml
acetyl-LDL (100,000 dpm/well) was added to the cells.
Thus, similar values were observed when data from trip-
licate wells (means * SD) were expressed as specific
radioactivity of CE (924 * 245 and 852 = 231 dpm/pg,
respectively; P = 0.209) or as total radioactivity relative to
total sterol mass (2,242 * 275 and 2,134 = 321 dpm/pg,
respectively; P = 0.140). More importantly, when macro-
phages were loaded with 10, 20, or 30 pg of acetyl-LDL
per milliliter of medium, quantification of intracellular FC
and CE revealed no differences in lipid loading between
the PLTP-KO and WT cells (Table 1). Overall, the data
demonstrate that, under the conditions used, genetic defi-
ciency of PLTP in mouse peritoneal macrophages does not
impair their conversion into cholesterol-loaded foam cells
upon treatment with acetyl LDL, thus excluding the possi-
bility that reduced efflux of cholesterol is secondary to any
effect of PLTP deficiency on cholesterol uptake itself.

We next assessed the effect of endogenous PLTP on cho-
lesterol efflux from macrophage foam cells to plasma,
which represents a more physiological acceptor (29). To
this end, plasma isolated from both PLTP-KO and WT mice
was added to either PLTP-KO or WT macrophage foam
cells (Fig.4). Asreported previously (30), the concentration
of apoA-I in plasma was significantly lower in mice lacking

TABLE 1. Cellular contents of free and esterified cholesterol in
macrophage foam cells from PLTP-KO and WT mice after cholesterol
loading by different levels of exposure to acetyl-LDL

FC CE
Acetyl-LDL.  PLTP-KO wT P PLTP-KO WT P
ug/mi ug/mg cell protein ug/mg cell protein
0 25 +0.3 27*+04 001 1102 14+1.6 NS
10 48+9.0 50*+81 NS 75*x175 81*x92 NS
20 65*+03 65*65 NS 114*+179 123 +6.7 NS
30 71+62 72*x38 NS 134*19.2 149179 NS

CE, cholesteryl ester; FC, free cholesterol; PLTP-KO, phospholipid
transfer protein knockout; WT, wild-type. Cultures of peritoneal mac-
rophages from PLTP-KO and WT mice were converted to cholesterol-
loaded macrophage foam cells by incubation with 10, 20, or 30 pug/ml
acetyl-LDL, as described in Experimental Procedures. After incubation
for 18 h, the cells were treated with hexane-isopropanol for extraction
of lipids. CE and FC from the lipid extracts were separated by high-
performance TLC, and their quantities were determined by quantita-
tive scanning. Cell protein was determined after solubilization of the
cell residue with 0.2 M NaOH. Results are means * SD of triplicate
wells. Statistical differences were analyzed by Student’s ttest (P> 0.05).
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Fig. 4. [®*H]Cholesterol efflux from PLTP-KO and WT macro-
phage foam cells to plasma isolated from PLTP-KO or WT mice.
Mouse peritoneal macrophages were converted to foam cells by
incubation for 18 h at 37°C in the presence of 20 wg/ml [*H]CE-
acetyl-LDL in DMEM supplemented with 20% fetal calf serum.
PLTP-KO and WT macrophage foam cells were incubated in me-
dium containing plasma from PLTP-KO or WT mice and 10 IU/ml
hirudin. After 4 h of incubation, the concentration-dependent ef-
flux of cellular cholesterol to the plasmas was measured from WT
(A) and PLTP-KO (B) macrophages. The medium was removed
and centrifuged at low speed, and 0.2 M NaOH was added to the
wells to solubilize the cells and measure their protein contents.
Efflux of cholesterol was expressed by determination of *H radio-
activity in medium and normalizing the values as dpm in medium/
ug cellular protein. Parallel wells of macrophages were incubated in
medium free of plasma to subtract the background efflux (blanks).
Each value is the mean of triplicate wells * SD. Statistically sig-
nificant differences between PLTP-KO and WT macrophages are
indicated (* P < 0.05 by t-test). K, values (Prism software) for
each type of macrophage and each type of plasma are shown in
the insets.

PLTP (641 = 26vs.930 = 52 g/ ml). The plasma prep-HDL
levels were also lower in the PLTP-KO plasma (data not
shown). Furthermore, in the PLTP-KO mice, no PLTP ac-
tivity was observed in the plasma, whereas in the WT litter
mice, PLTP activity varied between 12 and 15 pmol/ml/h.
As shown in Fig. 4A, within the low concentration range
in which high-affinity efflux from mouse peritoneal mac-
rophages is apparent (31), PLTP-containing WT plasma
induced more efficient cholesterol efflux from WT macro-
phages than did PLTP-KO plasma. More importantly, WT
plasma promoted less efficient efflux of cholesterol from
PLTP-KO than from WT macrophages (Fig. 4A, B, K,
values). Because the concentration of apoA-I in PLTP-KO
plasma was lower than in WT plasma, we next normalized
the efflux values for the concentration of apoA-I in both
plasmas. Upon this analysis, as expected, the efflux curves
approached each other (data not shown); however, efflux
promoted by the two types of plasma still remained as

depicted in Fig. 3. These results confirm that endogenous
PLTP was necessary for proper cholesterol release from
the macrophages to both types of mouse plasma.

Because stimulation with cAMP leads to the upregula-
tion of expression and activity of ABCAI in mouse perito-
neal macrophages (32), the type of cell studied here, we
next evaluated whether cAMP treatment could induce dif-
ferences between PLTP-KO and WT macrophages in the
cholesterol efflux induced by apoA-I. For this purpose,
nonloaded macrophages labeled with [3H]FC in the
presence of ACAT inhibitor were stimulated with cAMP
(0.3 mM), and efflux of cholesterol to apoA-I (25 png/ml)
was determined. As shown in Fig. 5A, the magnitude of
basal cholesterol efflux was similar from WT and PLTP-
KO nonstimulated macrophages (left). As expected, when
macrophages were stimulated with cAMP, the efflux rate
of cholesterol was accelerated, reflecting upregulation of
the ABCAl-dependent pathway (right). However, in con-
trast to the cholesterol-loaded cells (Fig. 3), the efflux in-
creased to a similar degree (~35%) in both types of cell.
This finding prompted us to investigate whether a further
induction of ABCA1l with cAMP, beyond its induction by
cholesterol loading, would overcome the impaired ABCA1-
dependent cholesterol efflux from PLTP-deficient macro-

A Nonloaded | wild-type (O)
150 | PLTP-KO (m)
100}

im 1IN |

B Cholesterol-loaded

250 |
*

200 -

150 -

®H]cholesterol efflux
(dpm/mg cell protein)

100 |

50

- cAMP + cAMP

Fig. 5. [*H]Cholesterol efflux from PLTP-KO and WT macro-
phages under the stimulation of ABCAl-dependent efflux by cho-
lesterol loading or activation of the ABCAI pathway with cAMP.
Basal [*PH]FC-labeled macrophage or [?’H]CE-loaded macrophage
foam cells from PLTP-KO (closed bars) and WT (open bars) mice
were washed with PBS and incubated for 18 h in DMEM with
(+cAMP) or without (—cAMP) 0.3 mM 8-(4-chlorophenylthio)-
adenosine 3',5'-cyclic monophosphate. After further incubation
for 4 h with lipid-free apoA-I (25 p.g/ml), the medium was removed
and centrifuged at low speed, and 0.2 M NaOH was added to the
wells to solubilize the cells and measure their protein contents.
Efflux of cholesterol was expressed by determination of *H radio-
activity in medium and normalizing the values as dpm in medium/
wg cellular protein. Parallel wells of macrophages were incubated
in medium free of apoA-I to subtract the background efflux (blanks).
Each value is the mean of triplicate wells = SD. Statistically signifi-
cant differences between PLTP-KO and WT macrophages are indi-
cated (¥ P < 0.05 by ttest).
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phage foam cells. For this purpose, macrophages were first
loaded with cholesterol and then incubated in the pres-
ence of 0.3 mM cAMP for 18 h. After the stimulation period,
apoA-l (25 wg/ml) was added, and cholesterol efflux was
measured after 4 h of incubation (Fig. 5B). In agreement
with the results described above (Fig. 3), cholesterol-loaded
macrophages deficient in PLTP delivered cholesterol to
apoA-I with significantly lower efficiency (Fig. 5B, left). In-
terestingly, the combined effect of cholesterol loading and
cAMP treatment (Fig. 5B, right) resulted in strong stim-
ulation of cholesterol efflux and restoration of the efflux
from PLTP-KO macrophages to the level observed in cAMP-
stimulated WT foam cells. This result indicates that PLTP
deficiency was compensated by robust stimulation of ABCAI-
dependent cholesterol efflux. Similar results were obtained
when higher apoA-I amounts (up to 50 pg/ml) were added
to the cell cultures as a cholesterol acceptor (data notshown).

DISCUSSION

This study demonstrates that complete absence of
endogenous PLTP in cholesterol-loaded but not in non-
loaded macrophages is associated with impaired ABCA1-
dependent cholesterol efflux. Accordingly, the functional
consequences of PLTP deficiency were restricted to the
cholesterol-loaded macrophage foam cell phenotype.
Interestingly, cAMP, a compound that effectively induces
ABCA1l-mediated lipid efflux, restored the efflux of choles-
terol from the PLTP-KO macrophage foam cells.

The accumulation of cholesterol in macrophages of the
arterial intima is the key early feature of atherosclerosis
(33), reflecting an imbalance between cholesterol influx
into and efflux from macrophages (34). In those macro-
phages, ABCA1 mRNA and protein levels are under posi-
tive sterol regulation by a mechanism that involves the
activation of the liver X receptor (LXR) (27). Our current
results revealed that a complete deficiency of PLTP did not
affect the uptake of acetyl-LDL by the scavenger receptor
SR-A that mediates cholesterol accumulation in macro-
phages (35) or the subsequent formation of cytoplasmic
CE droplets. Thus, the ability of macrophages to be con-
verted into foam cells was not impaired by the genetic
absence of PLTP. In sharp contrast, cholesterol efflux
from PLTP-deficient macrophage foam cells was defective.
Data on the participation of PLTP in cholesterol efflux
from cells are available in some detail for exogenously
added PLTP (10, 17, 36-38). Although the addition of
PLTP alone to cell cultures does not seem to promote
cholesterol efflux (37, 38), PLTP is able to interact with
the cell surface in the presence of HDL, improving the
efficiency of ABCAl-mediated efflux (37). More recently,
it was reported that extracellular PLTP may aid apoA-I
in the stabilization of ABCAL1 (17), suggesting a functional
cross-talk between apoA-I, exogenous PLTP, and ABCA1
in the cholesterol efflux process.

Although the molecular mechanism by which ABCAIL
governs cholesterol efflux is not completely understood,
several regulatory factors that affect its expression and ac-
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tivity have been identified (reviewed in 39). Among these
is vesicular trafficking of cholesterol from the Golgi region
to the plasma membrane (40). Indeed, ABCALI is present
in intracellular compartments (41) and has been found to
traffic along the endocytic pathway to late endocytic com-
partments (42). This suggests a possible interaction be-
tween ABCAI and apoA-I in a recycling pathway that allows
the mobilization of cholesterol from late endocytic pools
to other pools from which it can be released from the cell
(43). It was recently demonstrated that in hepatocytes,
ABCA1 mediates early intracellular phospholipidation of
apoA-I (44), thus promoting its acquisition of phospho-
lipids rather than cholesterol (45). A previous observation
also suggests a role for ABCAI in the intracellular routing
of phospholipids (46). Overall, these findings are com-
patible with the view that PLTP, given its major role in the
transfer of phospholipids, may participate in intracellular
recycling of ABCALI by increasing the transfer of phospho-
lipids to ABCA1, which may then be translocated to phos-
pholipid acceptors, such as apoA-I, ultimately leading to
the formation of apoA-I-phospholipid complexes (47).
This could explain the defective cholesterol efflux consis-
tently found in PLTP-KO foam cells (Figs. 2B, 3, 4, 5B).
Treatment of various macrophage cell lines with cAMP
stimulates ABCAl-dependent cholesterol efflux (48, 49).
We found that, after c(AMP treatment, cholesterol efflux
from nonloaded PLTP-KO and WT macrophages labeled
with FC in the presence of ACAT inhibitor (which ensures
that cholesterol released originates from the unesterified
cholesterol pool) did not differ. Consistent with the data
obtained when labeling the CE pool in foam cells, this
result suggests that the absence of intracellular PLTP per-
turbs the steps of the ABCAI pathway that involve active
cholesterol mobilization from late endosomes (50), rather
than those involved in the efflux of FC at the cell surface.
Importantly, it has been demonstrated that cAMP treat-
ment of mouse macrophages specifically increases the
expression of ABCA1 and has no effect on the expression
of ABCG1 (51). Therefore, restoration of cholesterol ef-
flux from the PLTP-deficient foam cells when ABCA1 (and
not ABCGI1) is further upregulated by cAMP treatment
further supports the view that PLTP is required for the
optimal functionality of the ABCAl-mediated efflux. Re-
cently, it was shown that cAMP triggers cholesterol efflux
in mouse peritoneal macrophages predominantly by ac-
tivation of protein kinase A rather than by induction of
ABCALI expression alone (32) (i.e., via a posttranslational
upregulation of ABCAI activity by its protein kinase A-
mediated phosphorylation) (52, 53). Whether the upregu-
lation of ABCAl-mediated efflux by LXR activation during
foam cell formation or via phosphorylation mediated by
protein kinase A has separate requirements for endoge-
nous PLTP deserves further study. A previous report in elic-
ited peritoneal macrophages from PLTP-KO mice showed
an additive effect on cholesterol efflux by the combination
of cholesterol loading and exposure to LXR agonists (54).
However, in spite of PLTP being strongly upregulated by
LXR agonists in macrophages, only a minimal failure was
found in the efflux capacity of PLTP-KO relative to the WT
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macrophage foam cells before or after LXR stimulation.
Although we cannot clearly assert the reason for this con-
tradiction regarding these results, possible responses in-
duced by the inflammatory challenge via thioglycollate
exposure of elicited macrophages (55) may partially ac-
count for the observed differences.

Because of its multifaceted effects on lipoprotein metab-
olism (3, 10, 18, 56), PLTP has been considered to pro-
mote either antiatherogenic or proatherogenic processes.
Decreased atherosclerosis in the PLTP-KO mouse has been
suggested to be attributable to a decreased production of
apoB-containing lipoproteins (18). Thus, responses to the
genetic deficiency in the animal model may mask per-
turbations in particular cellular responses confined to spe-
cific body compartments, such as the arterial intima.
Indeed, discrepant results were observed for the effects of
ABCAL deficiency on atherosclerosis when the experimen-
tal animals had a complete absence of ABCA1 (ABCA1-KO
mice) and when ABCA1 was selectively inactivated only in
macrophages (57).

In this study, we have identified a novel intracellular
effect of PLTP on ABCAl-mediated cholesterol efflux. Al-
though no PLTP activity could be detected in the culture
medium of WT macrophages after the 4 h efflux period, it
is possible that minute amounts of macrophage-derived
PLTP may also act pericellularly/extracellularly. Of note,
the expression of both ABCA1 and PLTP is upregulated by
LXR activators, which promote cholesterol efflux (58, 59).
Thus, endogenous PLTP, upon its coordinated induction
with ABCAI, seems to play an antiatherogenic role by en-
hancing the initial step of RCT, and so tends to prevent the
formation of foam cells. Finally, our findings in cultured
macrophage foam cells are consistent with the recently
suggested atheroprotective role for macrophage-derived
PLTP in vivo in mice (60).0E
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