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The removal of cholesterol from macrophages is important for reversing foam cell for-
mation. In a previous study, we demonstrated that mouse peritoneal macrophages in
culture secrete significant amounts of unesterified cholesterol from the lysosomes into
the medium during endocytosis and subsequent metabolism of cholesterol-containing
liposomes [Furuchi, T., Aikawa, K., Arai, EL, and Inoue, K. (1993) J. Biol. Chenu 268,
27345-27348]. In this study, we found that at least two distinct mechanisms are involved
in this process. The efflux of unesterified cholesterol into the medium was greatly sup-
pressed by pregnenolone, an inhibitor of lysosomal cholesterol transport, but an appre-
ciable proportion of the unesterified cholesterol was still released into the medium.
Analysis of the medium containing the secreted cholesterol by NaBr density gradient
ultracentrifugation revealed that the unesterified cholesterol was distributed in two dif-
ferent density peaks (bottom and d = ~1.1). The d = ~1.1 peak material formed high-den-
sity lipoprotein (HDL)-4ike particles that were produced and secreted by the macro-
phages. The lipid components of these particles were phosphatidylcholine and sphingo-
myelin, while the sole protein component was apolipoprotein E (apo E). Treatment with
pregnenolone completely abolished the production of these HDL-like particles but had
little effect on the bottom fractions. These data indicate that macrophages release lyso-
somal cholesterol via both pregnenolone-sensitive and -insensitive pathways, and that
only the cholesterol secreted through the pregnenolone-sensitive pathway is associated
with endogenously synthesized apo E—containing HDL-like particles. Moreover, we
found that the pregnenolone-sensitive pathway operated independently of the presence
or absence of exogenous HDL, whereas secretion via the pregnenolone-insensitive path-
way was greatly stimulated by exogenously added HDL.

Key words: cholesterol efflux, high-density lipoprotein, macrophage, pregnenolone,
reverse cholesterol transport.

During atherogenesis, peripheral blood monocytes traverse The studies of Brown and Goldstein (7) established that,
the arterial endothelium and differentiate into mature after their uptake by macrophages, lipoprotein CE undergo
macrophages. The scavenger receptor expressed by these lysosomal acid-lipase hydrolysis and then cytoplasmic re-
macrophages mediates the binding and uptake of modified esterification. The CE thus formed undergo continuous hy-
low-density lipoproteins (LDL) deposited in the intima of drolysis and esterification. Newly synthesized cholesterol,
the arterial wall, leading to the accumulation of cholesteryl as well as cholesterol from lysosomes or cytosolic lipid drop-
esters (CE) within these cells (1-4). The clustering of mac- lets, can all be exported out of the cells, but the latter two
rophages laden with massive amounts of CE (referred to as cholesterol sources seem to be dominant in macrophages
foam cells) in a fatty streak is the earliest sign of athero- present in the intima of the arterial wall. Generally, the
genesis, this clustering being reversible (5, 6). Since mac- hydrolysis of cytosolic CE by neutral cholesterol esterase
rophages can not catabolize cholesterol themselves, efflux has a much slower half-time [about 12 h in mouse perito-
from the cells into the extracellular space is the only way neal macrophages (8)] than the hydrolysis of lysosomal CE
by which intracellular cholesterol levels can be reduced. by acid lipase (less than 1 h) (9). Thus, delineating the

pathways and mechanisms by which lysosomal cholesterol
•To whom correspondence should be addressed. Tel: +81-3-5841- » secreted from macrophages will be important for under-
4720, Fax: +81-3-3818-3173, E-mail: harai©mol.£u-tokyo.ac.jp standing the progression and regression of atherosclerosis.
Abbreviations: ACAT, acyl CoA cholesterol acyltransferase; apo E, After the uptake of modified LDL by macrophages, unes-
apolipoprotein E; CE, cholesteryl ester; ER, endoplasmic reticuluin; terified cholesterol (UC) liberated in the lysosomes is trans-
HBSS, HankVbuffered salt solution; HDL, high density lipoprotein; ported to other cellular sites, such as the endoplasmic reti-
LPDS lipoprotein^eficient serum; LysoPC lysophosphatidylcho- ^ ^ ( j ^ for ggterincation. It has previously been dem-
line; PBS, phosphate-buffered saline; PC, phosphatidylcholine; PI, . . _• ..I . , i , _i n 1 1 . i _* i • •
phosphatidylinostol; PS, phosphatidylserine; SM, sphingomyelin! 9 ^ ^ t h a t t h e t™2??* of lysosomal cholesterol is in-
UC, unesterified cholesterol. hibited by certain steroids, such as progesterone, pregne-

nolone (10, 11), and 3-P-[2-(diethylamino)-ethoxy]-androst-
© 2000 by The Japanese Biochemical Society. 5-en-17-one (U18666A) (12). Taking advantage of the fact
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that this inhibition is reversible upon removal of the ste-
roid, we characterized the post-lysosomal pathway of the
endocytosed cholesterol in cultured mouse peritoneal mac-
rophages. Using this system, we found that while some of
the cholesterol accumulated within the lysosomes is esteri-
fied by acyl CoA cholesterol acyltransferase (ACAT), a sig-
nificant proportion is released into the culture medium in
its unesterified form (13). In the present study, we charac-
terized the routes by which endocytosed cholesterol is
transported from lysosomes to the extracellular medium
and demonstrated that two distinct pathways are involved
in this process.

MATERIALS AND METHODS

Materials—[4-14C]Cholesterol (53 mCi/mmol) and [la,
2a(n)-3H]cholesteryl linoleate (48 Ci/mmol) were purchased
from Amersham, United Kingdom. Tran^S-Label (1,037 Ci/
mmol; a ^S Escherichia coli hydrolysate labeling reagent
containing 70% [^SjL-methionine) was purchased from
ICN Biomedicals. Carrier-free F'PJorthophosphoric acid
(8,500-9,120 Ci/mmol) was purchased from Dupont/NEN
Research Products. Phospholipids were purchased from
Avanti Polar Lipids. Cholesterol and pregnenolone were
obtained from Sigma. High-density lipoproteins (HDL; d =
1.063-1.21 g/ml) were isolated from fresh human plasma
by preparative ultracentrifugation (14). Iipoprotein-defi-
cient serum (LPDS; d > 1.21 g/ml) was prepared as de-
scribed previously (15).

Cells—Mouse peritoneal macrophages were prepared as
described previously (16). Briefly, peritoneal cells were har-
vested from unstimulated wild-type mice (ICR) using
Hanks' balanced salt solution (HBSS) and then suspended
at 2 X 106 cells/ml. Aliquots (0.5 ml) were dispensed into
24-well plastic microplates, and then incubated at 37"C for
attachment of the macrophages to the platea After 2 h,
each plate was washed with HBSS. The medium was im-
mediately replaced with 0.5 ml Dulbecco's modified Eagle's
medium containing 6.5% LPDS, penicillin (100 units/ml),
and streptomycin (100 jig/ml) (hereafter referred to as
medium A).

Preparation of Liposomes—Multilamellar liposomes were
prepared as described previously (16). Briefly, phosphati-
dylcholine (1 pjnol), phosphatidylserine (1 p.mol), dicetyl
phosphate (0.2 (xmol), cholesterol (1.5 (xmol), and a trace of
[4-14C]cholesterol or [la,2a(rc)-3H]cholesteryl linoleate (20
H.Ci) were dried and then suspended in 1 ml 0.3 M glucose
solution.

Metabolism of Liposomes by Cultured Macrophages—To
macrophage cultures (0.5 ml), 25 \il liposomes containing
0.5 M-Ci unesterified [MC]cholesterol (P4C-UC]liposomes) or
0.5 jjiCi PHJcholesteryl ester (PH-CEJiposomes) were
added. After incubation for the times indicated, the medi-
um was removed from the cells and spun at 3,000 Xg for 5
min to pellet any cells which had become dislodged from
the plates. Radioactivity originating from UC released into
the medium was determined after separating the lipids on
a silica gel plate using a mobile phase of hexane/ethyl
ether/acetic acid (70:30:1, by volume). The macrophage
monolayers were washed and harvested, and then the
radioactivity derived from the intracellular CE and UC was
quantified as described previously (16).

Efflux of Lysosomal Cholesterol from Macrophages—To

determine the metabolism of the cholesterol accumulated
within the lysosomes, the macrophages were first incu-
bated with 25 \iA [14C-UC]liposomes in the presence of 30
|xM pregnenolone for 16 h. Under these conditions, endocy-
tosed cholesterol accumulates in the (phago)lysosomes of
macrophages (13). The cells were then washed twice with
0.5 ml medium A and incubated for the times indicated in
0.5 ml medium A without liposomes in the absence or pres-
ence of pregnenolone. During these incubations, some of
the UC accumulated in the (phago)lysosomes were trans-
ferred to the ER for esterification and others were released
into the medium. The radioactivity originating from CE
and UC was determined in both cells and medium after
these timed incubations.

Secretion of Phospholipids by Macrophages—Macro-
phage monolayers were first incubated with 25 \tl non-radi-
olabeled liposomes for 16 h in the presence of 30 jiM preg-
nenolone. For the last 2 h of incubation, the cultures were
supplemented with 25 jj.Ci pTfchosphate. The cells were
then incubated for 6 h without liposomes or P^Pjphosphate,
in the absence or presence of 30 ^M pregnenolone. After
various chase-incubation periods, the medium was removed
from the cells and spun at 3,000 Xg for 5 min. The mac-
rophage monolayers were washed with HBSS and then
lysed with 0.5 ml 0.1% SDS. The radiolabeled phospholip-
ids were extracted from the medium and cells by the meth-
od of Bligh and Dyer. The extracted lipids were subjected to
TLC on a Silica Gel G plate. The plate was developed with
chloroform/methanol/acetic acid/HjO (25:15:4:2, by volume)
and exposed to X-ray film, and then each spot was scraped
off and its radioactivity was determined.

Analysis of Secreted Cholesterol and Phospholipids by
Density Gradient Ultracentrifugation—Macrophage mono-
layers were first incubated for 16 h with 25 (J pH-CEJlipo-
somes in the presence of 30 \xM pregnenolone. For the last
2 h of incubation, the cultures were supplemented with 25
(iCi P^Jphosphate. The cells were then incubated for 6 h
without pH-CE]liposomes or I^PJphosphate, in the absence
or presence of 30 |xM pregnenolone. After various incuba-
tion periods, the medium was removed from the cells and
spun at 3,000 Xg for 5 min. For isopycnic separation, sam-
ples of the culture medium (total 3.5 ml) were placed at the
top of a 1.3 g/ml density NaBr layer (1.5 ml), and then cen-
trifuged for 12 h at 300,000 Xg at 16'C. Following density
gradient centrifugation, 15 fractions were collected from
the bottom of the gradient by pump-driven aspiration. An
aliquot of each fraction was taken for determination of the
density and the radioactivity originating from pHJUC. The
phospholipids in the fractions were extracted and subjected
to TLC as described above The plate was developed and
exposed to X-ray film.

Analysis of Secreted Proteins by Density Gradient Ultra-
centrifugation—Macrophage monolayers were first incubat-
ed for 16 h with 25 n-1 pH-CE]liposomes and 50 p.Ci TranMS-
I^abel in the presence of 30 \iM pregnenolone. The cells were
then incubated for 6 h without pH-CE]liposomes or T r a n 8 ^
Label, in the absence or presence of 30 \iM pregnenolone.
Samples of the medium were periodically processed by
NaBr density gradient ultracentrifugation as described
above An aliquot of each fraction was taken for determina-
tion of the density and the radioactivity originating from
PHIUC. Each fraction was also subjected to SDS-PAGE, and
the resulting gels were dried and autoradiographed.
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Effect of HDL on Pregnenolone-Sensitive and -Insensitive
Cholesterol Efflux—Macrophage monolayers were incu-
bated with pH-CEJliposomes in the presence of 30 JJLM
pregnenolone for 16 h. The monolayers were then washed
and incubated in 0.5 ml medium A with or without HDL
(0.25 mg protein) in the absence or presence of 30 JJLM preg-
nenolone. During the total 6-h incubation period, the
amount of PHJUC in the medium was determined at vari-
ous times.

RESULTS

Efflux of Unesterified Cholesterol from Macrophages dur-
ing the Metabolism of Cholesteryl Ester-Containing Lipo-
somes—We previously demonstrated that mouse peritoneal
macrophages in culture efficiently take up and metabolize
negatively charged liposomes as well as modified LDL,
which results in massive accumulation of lipid droplets in
their cytoplasm (16). Using this system, we found that mac-
rophages release significant amounts of UC into the medi-
um during the metabolism of cholesterol-containing lipo-
somes (13). In the current study, we characterized this
pathway by utilizing liposomes containing traces of PH]CE
as well as [14CJUC, in addition to non-radioactive UC (see

100

12 18 24

Time (h) Time (h)
Pig. 1. Effect of pregnenolone on the metabolism of endocy-
tosed cholesterol in macrophages. A, B: Macrophage monolayers
were incubated with ["C-UCJliposomes in the absence (open sym-
bols) or presence (solid symbols) of 30 \M pregnenolone. After incu-
bation for the tunes indicated, the amounts of intracellular
unesterified (circles) and esterified (triangles) cholesterol were de-
termined as described under "MATERIALS AND METHODS." C, D:
Macrophage monolayers were incubated with pH-CEfliposomes in
the absence (open symbols) or presence (solid symbols) of 30 |iM
pregnenolone. After incubation for the times indicated, the amount
of UC (squares) in the medium was determined. Each value is the
average of duplicate incubations.

"MATERIALS AND METHODS"). [14C-UC]uposomes and PH-
CEJh'posomes were used to measure the synthesis of [1<C]-
CE within the cells and the efflux of PHJUC into the medi-
um, respectively. When macrophages take up pH-CEJlipo-
somes, they hydrolyze the liposomal PHICE in their lyso-
somes and produce PHJUC, some of which is released into
the medium. The cholesterol from the liposomes added to
the culture (ester form) can thus be distinguished from that
secreted into the medium (unesterified form) during metab-
olism by macrophages.

When macrophages were incubated with [14C-UC]lipo-
somes, the accumulation of UC reached a plateau within 12
h and CE was also accumulated time-dependentiy (Fig.
1A). As shown in Fig. 1C, the macrophages progressively
released significant amounts of PHJUC into the extracellu-
lar medium during incubation with pH-CEJliposomes. In-
cubation of the liposomes themselves with the conditioned
medium did not lead to the production of UC (data not
shown). It has previously been demonstrated that preg-
nenolone induces the accumulation of endocytosed choles-
terol within the lysosomes of macrophages (11), but has
little effect on the lysosomal hydrolysis of endocytosed CE
(data not shown) or the ACAT reaction in cultured mac-
rophages (11). Indeed, pregnenolone (30 (xM) completely in-
hibited the CE synthesis in the cells (Fig. IB), which re-
sulted in the accumulation of UC in the lysosomes (data
not shown, see Ref 13). The efflux of UC into the medium
was also greatly suppressed by this agent, but an apprecia-
ble proportion of the UC was still released into the medium
(Fig. ID). As shown in Fig. 2, the efflux of UC was progres-
sively inhibited by increasing amounts of pregnenolone, but
about one-third of the cholesterol was released even in the
presence of high doses of pregnenolone (up to 100 \iM). This
level of cholesterol efflux was also observed in the presence
of other steroid inhibitors such as progesterone and
U18666A (data not shown). These data suggest that the
esterification of lysosomal cholesterol is completely inhib-
ited by steroidal cholesterol transport inhibitors, but that
the efflux of UC into the extracellular medium is only par-

% 1

100

Pregnenolone (uM)

Fig. 2. Dose dependence of the inhibition of lysosomal choles-
terol efflux into the medium by pregnenolone. Macrophage
monolayers were incubated with PH-CEHiposomes in the absence or •
presence of the indicated concentrations of pregnenolone 5 (J of
each 100-fold concentrated pregnenolone solution (dissolved in etha-
nol) was added to macrophage cultures. After incubation for 16 h,
the amount of UC in the medium was determined.
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tially inhibited by these agents. In other words, the efflux of
endocytosed cholesterol from macrophages may involve two
distinct pathways, one of which is steroid-sensitive and the
other insensitive.

Efflux of Unesterified Cholesterol Accumulated within
Lysosomes—The accumulation of CE within macrophages
was not observed in the presence of pregnenolone (Fig. IB).
Regardless of the conditions, the cells released significant
amounts of UC during the endocytosis of CE-containing
liposomes (Fig. ID). This indicates that cholesterol efflux
resulted from the hydrolysis of liposomal CE and not from
the hydrolysis of cytosolic CE droplets. In order to charac-
terize the pathway of cholesterol efflux further, we simpli-
fied the experimental system. Macrophage monolayers
were pulsed with [3H-CE]liposomes for 16 h in the presence
of 30 JJLM pregnenolone (Fig. 3, A and B). These cells were
then incubated for the times indicated without the lipo-
somes, in the absence or presence of pregnenolone. The
efflux of UC from the macrophages resumed upon removal
of the pregnenolone. Even though cholesterol efflux was
also greatly diminished when pregnenolone was present
during the chase-incubation period, some was still secreted,
suggesting that both the pregnenolone-sensitive and -in-
sensitive pathways were operating during the chase-incu-
bations.

Phospholipid Secretion Associated with Cholesterol
Efflux—In this study, we used fetal calf serum depleted of
lipoprotein, a possible acceptor for effluxed cholesterol, as a
constituent of the medium. Nevertheless, UC was secreted
into the culture medium. This suggests that macrophages
may produce lipoprotein-like particles, with which the UC
is associated. We used a preincubation phase followed by a
chase-incubation phase for our experiments, as described
above, since the cholesterol released into the medium could
have been transferred from its original particles [or binding
protein(s)] to the liposomes added to the cultures. We first
used this system to determine whether or not macrophages

8 10 2 4 6 8 10

Time (h) Time (h)
Fig. 3. Metabolism of lysosomal cholesterol by macrophages.
Macrophage monolayers were preincubated with PH-CE]liposomes
in the presence of 30 \iM pregnenolone for 16 h. The monolayers
were then washed, refed with 0.5 ml medium A, with (solid symbols)
or without (open symbols) 30 (JLM pregnenolone, and then incubated
for the times indicated. The amounts of UC (circles) and CE (trian-
gles) in the cells (A), and the amounts of UC (squares) in the me-
dium (B) were determined. Each value is the average of duplicate
incubations.

secrete phospholipids, possible components of lipoprotein-
like particles, along with the cholesterol released during
chase-incubations. The macrophages were preincubated
with non-radiolabeled liposomes for 16 h in the presence of
30 u,M pregnenolone. For the last 2 h of preincubation, the
macrophage cultures were supplemented with inorganic
[32P]phosphate in order to label their intracellular phosho-
lipids (see "MATERIALS AND METHODS"). After a subsequent
6-h chase incubation without liposomes or inorganic [32P]-
phosphate, [32P]phospholipids which had appeared in the
culture medium were analyzed by TLC. As shown in Fig.
4A, when the macrophages were incubated in the absence
of pregnenolone, they secreted significant amounts of phos-
phatidylcholine (PC) and lysophosphatidylcholine (lysoPC),
and a small amount of sphingomyelin (SM). However, the
secretion of PC and SM was greatly diminished in the cells
incubated in the presence of pregnenolone. Pregnenolone
also reduced lysoPC secretion but to a lesser degree. The
level of cellular phospholipid synthesis in the cells incu-
bated with pregnenolone was almost identical to that in the
cells incubated without pregnenolone. Approximately 1% of
the phospholipids synthesized by the macrophages was
secreted into the medium after the 6-h chase incubation
period in the absence of pregnenolone (data not shown).
Secretion of these phospholipids was only stimulated in

B

front— front-

PC

SM

LysoPC
origin-

PC

SM

LysoPC
origin—

Fig. 4. Efflux of phospholipids from cholesterol-loaded mac-
rophages. A: Macrophage monolayers were preincubated with cho-
lesterol-containing liposomes in the presence of 30 |xM pregnenolone
for 16 h. The monolayers were supplemented with P2P]phosphate for
the last 2 h of preincubation. The cells were then washed and incu-
bated without liposomes or pPJphosphate for 6 h in the presence
(lane 1) or absence (lane 2) of pregnenolone. The [32P]phospholipids
secreted into the medium during the 6-h chase incubation period
were analyzed by thin layer chromatography. B: Macrophage mono-
layers were preinc-ubated alone (lane 1), with unesterified choles-
terol-depleted liposomes (lane 2), or with unesterified cholesterol-
containing liposomes (lane 3) in the presence of 30 ixM pregnenolone
for 16 h. The monolayers were supplemented with PPlphosphate for
the last 2 h of preincubation. The cells were then washed and incu-
bated without liposomes or I^PJphosphate for 6 h in the absence of
pregnenolone. The P^lphospholipids secreted were analyzed by
thin layer chromatography and subsequent autoradiography PC,
phosphatidylcholine; SM, sphingomyelin; lysoPC, lysophosphatidyl-
choline.
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macrophages which accumulated UC in their lysosomes,
since control macrophages or macrophages preincubated
with cholesterol-depleted liposomes did not secrete these
phospholipids in such large amounts as cholesterol-loaded
cells even after pregnenolone washout (Fig. 4B). All these
data suggest that, when macrophages release lysosomal
cholesterol via the pregnenolone-sensitive pathway, they
also secrete both PC and SM into the medium. Consistent
with these observations, it was previously shown that free
cholesterol-loading of fibroblasts leads to an increase in the
biosynthesis of phospholipid, most notably PC and SM (17).

Density Gradient Analysis of the Released Cholesterol
and Phospholipids—Since it was highly possible that the
secreted cholesterol and phospholipids were associated
with each other in the culture medium, we next analyzed
the medium by NaBr density gradient ultracentrifugation.
The macrophages were preincubated with PH-CE]lipo-
somes and inorganic I^PJphosphate in the presence of 30
JJLM pregnenolone, as described above, and then chase-incu-
bated in the absence or presence of pregnenolona The
resulting culture medium, containing secreted PHJUC and
I^PJphospholipids, was subjected to density gradient analy-
sis. As shown in Fig. 5A, pHJUC was distributed in two dif-
ferent density peaks (bottom and d = -1.1). When preg-
nenolone was present during the chase-incubation, the
large peak at d = -1.1 was lost, whereas the peak for the
bottom fraction was not significantly affected (Fig. 5, A and
B), suggesting that the cholesterol in the bottom fraction
was secreted via the pregnenolone-insensitive pathway,
while that detected at d = -1.1 was released via the preg-
nenolone-sensitive route.

Next, the phospholipids in the medium were analyzed by
density gradient fractionation. As shown in Fig. 5A, PC and
SM were detected in both the peak at d = -1.1 as well as in
the bottom fraction. In contrast, other secreted phospholip-
ids, such as lysoPC and phosphatidylserine and/or phos-
phatddyHnositol (PS/PI), were only detected in the bottom
fraction. Pregnenolone treatment caused loss of the peak at
d = -1.1 but had little effect on the bottom region (Fig. 5B).
These data indicate that PC and SM are the phospholipid
components of HDL-like particles that carry secreted UC,
and that cholesterol efflux via the pregnenolone-sensitive
pathway utilizes these HDL-like particles. Although phos-
pholipids such as PS/PI, PC, and lysoPC were observed in
the bottom fraction of the density gradient, it is not clear at
present whether or not they are associated with the
secreted cholesterol.

Protein Components Associated with the HDL-Like Parti-
cles—We next examined whether or not these HDL-like
particles contain specific proteins by adding [35S]methio-
nine and [^Skysteine to the cultures during preincubation
to label the cellular proteins. As shown in Fig. 6A, only a
band corresponding to a molecular weight of -35,000 comi-
grated with the HDL-like particles, while most of the other
proteins were observed in the bottom fraction. Upon chase-
incubation in the presence of pregnenolone, the 35,000-dal-
ton protein band disappeared, as well as the cholesterol
peak at d = -1.1 (Fig. 6B). These data indicate that this
35,000-dalton protein was associated with the HDL-like
particles that carry the secreted cholesterol. This protein
was later found to be apo E on Western blot analysis (data
not shown).

11 13 15
tnetfon number

PC • • "

SM

LytoPC iflftAM
off gin-

Fig. 5. Analysis of cholesterol and phospholipids secreted into
the medium by density gradient ultracentrifugation. Macro-
phage monolayers were preincubated with pH-CE]liposomes in the
presence of 30 (iM pregnenolone for 16 h. The monolayers were sup-
plemented with ["Plphosphate for the last 2 h of preincubation. The
cells were then washed and incubated without liposomes or F'PJphos-
phate for 6 h in the absence (A, open symbols) or presence (B, solid
symbols) of pregnenolona The medium obtained after these chase in-

cubations was fractionated by NaBr density gradient ultracentrifuga-
tion. The radioactivity derived from UC (circles) and the density
(dashed line) were determined for each fraction. Also, the ["Plphos-
pholipids in each fraction were extracted with chloroform and metha-
nol and then subjected to thin layer chromatography. The resulting
plate was autoradiographed. PS/PI, phosphatidylserine and/or phos-
phatidylinositol; PC, phosphatidylcholine; SM, sphingomyelin; lyso-
PC, lysophosphatidylcholine.
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Fig. 6. Association of a 35 kDa protein with the HDL-like parti-
cles secreted into the medium. Macrophage monolayers were pre-
incubated with PH-CEfliposomes and 50 |j.Ci Tran"S-Label in the
presence of 30 |xM pregnenolone for 16 h. The cells were then washed
and chase-incubated without liposomes or Tran36S-Label for 6 h in
the absence (A, open symbols) or presence (B, solid symbols) of preg-

nenolone. The medium obtained after chase-incubation was fraction-
ated by NaBr density ultracentrifugation. The radioactivity derived
from UC (circles) and the density (dashed line) were determined for
each fraction. Also, the ["SJproteins secreted into the medium during
the chase-incubation were analyzed by SDS-PAGE and autoradiog-
raphy.

pHJCholesterol (dpm X 10"3)

Fig. 7. Effects of exogenous HDL on pregnenolone-sensitive
and -insensitive cholesterol efflux. Macrophage monolayers
were preincubated with PH-CE]liposomes in the presence of 30 |iM
pregnenolone for 16 h. The monolayers were then washed and refed
with 0.5 ml medium A, with or without HDL (0.5 mg protein/ml), in
the absence or presence of pregnenolone. After a 6 h chase-incuba-
tion period, the amount of [*H]UC in the medium was determined.
Hatched bars, radioactivity derived from the secreted cholesterol in
the presence of pregnenolone (Le. pregnenolone-insensitive secre-
tion). Solid bars, radioactivity in the absence of pregnenolone minus
that in the presence of pregnenolone (i.e. pregnenolone-sensitive
pathway).

Effect of Exogenous HDL on Cholesterol Efflux—It is
widely recognized that the efflux of cellular cholesterol into
the culture medium is effectively stimulated by exogenous
HDL. Here, we examined the effect of HDL added to the
culture on cholesterol efflux via the pregnenolone-sensitive
and -insensitive pathways. As shown in Fig. 7, the efflux of
lysosomal UC occurring in the presence of pregnenolone

{i.e. via the pregnenolone-insensitdve pathway) was mark-
edly stimulated by the extracellular HDL, with which the
secreted cholesterol was associated (data not shown),
whereas efflux via the pregnenolone-sensitive pathway
(cholesterol released in the absence of pregnenolone minus
that released in the presence of pregnenolone) was not
appreciably affected by the exogenous HDL.

DISCUSSION

Macrophages are known to release both UC produced
through neutral cholesterol esterase-mediated hydrolysis
of cytosolic CE droplets and that produced through lysoso-
mal cholesterol esterase-mediated hydrolysis of endocy-
tosed lipoproteins. A recent study {18) also revealed that a
lysosomal component is involved in the hydrolysis of stored
CE in foam cells. In order to simplify the experimental sys-
tem, we followed the efflux of UC that had accumulated in
the lysosomes by utilizing pregnenolone, an inhibitor of
lysosomal cholesterol transport. Under these conditions,
the macrophages did not accumulate CE in their cytosol
even after incubation with cholesterol-containing liposomes
(see Fig. 3A). Therefore, the efflux of CE droplet-derived
cholesterol appeared to be almost negligible under our con-
ditions.

Using this system, we have demonstrated that UC that
had accumulated within the lysosomes of cultured mouse
peritoneal macrophages is released into the medium
through at least two distinct pathways. The first pathway
is completely suppressed by pregnenolone treatment Inter-
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estingiy, most of the cholesterol secreted through this preg-
nenolone-sensitive pathway was associated with the HDL-
like particles which were synthesized and secreted by the
macrophages. These HDL-like particles were unique in
that they contained PC, SM, and UC as their lipid compo-
nents but no other neutral lipids such as CE, and their sole
protein component was apo E. Cholesterol efflux via the
pregnenolone-sensitive pathway was not appreciably affect-
ed by the exogenous HDL. The second pathway was preg-
nenolone-insensitive. Cholesterol efflux occurred through
this route irrespective of the production of HDL-like parti-
cles, but was greatly stimulated when exogenous HDL
were added to the medium. Indeed, the secreted cholesterol
was associated with these exogenously added HDL (data
not shown).

It was previously demonstrated that macrophages re-
lease their accumulated cholesterol even when they are
incubated in medium without any added cholesterol accep-
tors such as HDL, and that apo E-containing lipoprotein
particles produced by macrophages may mediate the efflux
of accumulated cholesterol (19). Kruth et al. (20, 21) also
demonstrated that human monocyte-derived macrophages
produce two types of lipid particles, discoidal and vesicular
lipoprotein particles. The discoidal particles contain apo E,
whereas the vesicles contain a protein with a molecular
mass of 22,000 daltons. The HDL-like particles that we
detected on NaBr-density gradient analysis are similar to
those that Kruth et al. observed using human monocyte-
derived macrophages, except that they only contained apo
E as a protein constituent (Fig. 6A). The difference between
the results of these two studies may be due to differences in
the cell types used or the experimental protocols. According
to our data, the production of HDL-like particles was not a
constitutive process. The accumulation of UC within the
lysosomal compartment is not a stimulant of HDL-like par-
ticle production, but their production is greatly stimulated
when this cholesterol is released from the lysosomes (Figs.
4, 5, and 6). It should be noted that HDL-like particles
were formed only when lysosomal cholesterol was released
via the pregnenolone-sensitive pathway.

The transport of lysosomal cholesterol to other intracellu-
lar sites is the subject of much debate. Lange et al. (22)
used FU5AH rat hepatoma cells to demonstrate that all
LDL-derived cholesterol is transported to the plasma mem-
brane before moving to the ER, and that the inhibition of
LDL-cholesterol transport to ACAT caused by progesterone
and hydrophobic amines is due solely to a block in plasma
membrane-to-ER movement. If this is also true for mouse
peritoneal macrophages, lysosomal cholesterol transported
via the pregnenolone-sensitive pathway may primarily
enter the plasma membrane, from where UC and some
phospholipids are released into the medium by associating
with the exogenously secreted apo E. However, Underwood
et al. (23) presented evidence of the presence of an alterna-
tive LDL-cholesterol transport pathway from lysosomes to
the ER that is independent of the plasma membrane This
pathway is more sensitive to U18666A, another inhibitor of
lysosomal cholesterol transport, than is cholesterol move-
ment from lysosomes to the plasma membrane and from
the plasma membrane to the ER We hypothesize at
present that macrophages may utilize both the lysosome-
to-plasma membrane and lysosome-to-ER pathways, the
latter of which is much more sensitive to pregnenolone, for

the metabolism and secretion of lysosomal cholesterol. We
also suppose that the former pathway may have high affin-
ity but low capacity for lysosomal cholesterol, whereas the
latter pathway may have low affinity but high capacity for
it. In our experiments, we analyzed the secretion of lyso-
somal cholesterol using macrophages that had accumulated
UC in their lysosomes. Under these conditions, the lyso-
some-to-ER pathway may dominate the pregnenolone-sen-
sitive secretion of lysosomal cholesterol, since the budding
off of the bulk of phospholipids and UC from the ER into
the lumenal spaces might, explain why extracellular HDL
did not stimulate the efflux of cholesterol derived via the
pregnenolone-sensitive pathway. The complete inhibition
by pregnenolone of CE formation, which occurs in the ER
membrane (Fig. IB), may also support this idea.

We are uncertain as to where apo E associates with
secreted phospholipids and cholesterol. Phospholipid vesi-
cles carrying UC may be budded off from the ER mem-
brane, associate with newly synthesized apo E in the
lumenal space, and then be secreted into the medium.
There is, however, evidence that apo E associates with lipid
particles after their secretion rather than within the cells
based on the observation that adding anti-apo E to the cul-
ture medium inhibited cholesterol and phospholipid efflux
from human monocyte-derived macrophages (24). Phospho-
lipid vesicles formed in the lumenal spaces could possibly
be secreted into the medium via the ER-Golgi pathway and
then associate with apo E in the extracellular medium. At
present, we do not have any data refuting this. Differenti-
ated human monocyte-derived macrophages are known to
secrete significant amounts of apo E irrespective of choles-
terol enrichment (24), which indicates that apo E synthesis
and secretion occur independently of cholesterol secretion.
In contrast, the synthesis and secretion of apo E in mouse
peritoneal macrophages appears to be coupled to cellular
cholesterol enrichment (25, 26). Therefore, the mechanism
for the production of apo E-containing HDL-like particles
may differ with the cell type. It is certain that further stud-
ies are needed to delineate the mechanisms involved in this
process in macrophages. In addition, identification of a tar-
gets) of lysosomal cholesterol transport inhibitors will
increase our understanding of the mechanisms underlying
intracellular cholesterol transport and the production of
HDL-like particles (27). The product of a causative gene for
Niemann-Pick type C disease could be the target of choles-
terol transport inhibitors (28,29), since fibroblasts obtained
from patients exhibit a defect in the movement of free cho-
lesterol out of the lysosomes (30).

In contrast to the pregnenolone-sensitive pathway, the
pregnenolone-insensitive pathway is greatly stimulated by
exogenous HDL. This may indicate that cholesterol trans-
ported via the pregnenolone-insensitive pathway primarily
reaches the plasma membrane, where it is effluxed into the
extracellular medium. Most of the cholesterol released
through this pathway was recovered in the bottom fraction
(d > 1.25) on NaBr density gradient centrifugation, when
lipoprotein-depleted fetal calf serum was used as a constit-
uent of the culture medium. This fraction also contained
most of the serum proteins. Upon separation of this frac-
tion by gel filtration chromatography, the secreted choles-
terol was eluted at a position corresponding to a molecular
weight of 70,000-100,000 (data not shown). This indicates
that the cholesterol in this fraction may be associated with
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a certain serum protein(s). Although extracellular lipopro-
teins may be the most efficient acceptors for cholesterol, in
the absence of such lipoproteins, macrophages can still
release cholesterol using serum protein(s) as an acceptor
This will be the case in the subendotherial spaces of arte-
rial walls. Under these circumstances, the pregnenolone-
sensitive pathway seems to control the secretion of lysoso-
mal cholesterol, compared with the pregnenolone-insensi-
tive pathway, based on the observation that pregnenolone
treatment causes the accumulation of UC in the lysosomes
of macrophages incubated in a medium depleted of plasma
lipoproteins.

In conclusion, we have demonstrated that macrophages
release lysosomal cholesterol via both pregnenolone-sensi-
tive and -insensitive pathways, and that only the choles-
terol secreted through the pregnenolone-sensitive pathway
is associated with endogenously synthesized HDL-like par-
ticles. The lipid components of these particles are PC and
SM, while the sole protein component is apo E. Moreover,
we found that the pregnenolone-sensitive pathway oper-
ated independently of the presence or absence of exogenous
HDL, whereas secretion via the pregnenolone-insensitive
pathway was greatly stimulated by exogenously added
HDL.
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