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Abstract Several studies have demonstrated that lipid-free
apolipoproteins can promote cholesterol and phospholipid
efflux from cells; however, the mechanisms and the role of
cell-mediated pathways involved remain incompletely eluci-
dated. We have recently demonstrated that brefeldin A or mo-
nensin, agents that disrupt Golgi apparatus structure and
function, inhibit intracellular cholesterol eftflux from cells o
high density lipoproteins. In the present study we examined
the effects of those agents on cell cholesterol and phospho-
lipid efflux to purified apolipoprotein A-I (apoA-I) and apoli-
poprotein-depleted acceptors from cholesterol-loaded fibro-
blasts. Brefeldin A or monensin treatment of cells during
incubation with apoA-I inhibited efflux of cellular cholesterol
by greater than 80% compared with control cells, measured
by changes in cellular cholesterol radioactivity, mass, and the
substrate pool of cholesterol available for esterification by acy)
coenzyme A:cholesterol acyltransferase. Inhibition of choles-
terol efflux by these agents could not be overcome by increas-
ing the apoA-I concentration and persisted during incuba-
tions up to 24 h. Similarly, brefeldin A and monensin
inhibited up to 80% of apoA-I-mediated efflux of labeled
phospholipids from cholesterol-loaded cells relative to con-
trols. In contrast, lipid efflux mediated by apolipoprotein-de-
pleted acceptors (trypsin-modified HDL and sonicated phos-
pholipid vesicles) was not sensitive to these drugs.Bll On the
basis the known effects of brefeldin A and monensin on Golgi
apparatus structure and function, these results are consistent
with the notion that efflux of cell lipids by apolipoprotein-
dependent mechanisms, but not by apolipoprotein-indepen-
dent mechanisms, require active cellular processes involving
an intact and functional Golgi apparatus.—Mendez, A.]., and
L. Uint. Apolipoprotein-mediated cellular cholesterol and
phospholipid efflux depend on a functional Golgi apparatus.
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The role of apolipoproteins in promoting cellular
cholesterol efflux has gained increasing interest begin-
ning with the observations of Hara and Yokoyama (1)
that lipid-free apolipoproteins could deplete excess
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cholesterol from cultured macrophages. Other studies
have confirmed and extended those observations (2—
5) and the results can be briefly summarized as follows.
Efflux of cell cholesterol to lipid-free apolipoproteins
was observed in cells enriched with exogenous choles-
terol (1, 2, 4, 5). In cells not enriched with cholesterol,
free apolipoproteins had almost no capacity to stimu-
late efflux of cell cholesterol to the medium (4). In ad-
dition to cholesterol efflux, lipid-free apolipoproteins
also promote efflux of cell phospholipids, most notably
of phosphatidylcholine and sphingomyelin (1, 4, 5).
Similar to efflux of cellular cholesterol, phospholipid
efflux mediated by apolipoproteins depended on en-
riching cells with cholesterol (4). Lipid efflux resulted
in (or was the result of) the association of cellular lipids
with apoA-l1 or A-Il forming particles with properties
similar to pre-B HDL, assessed by the estimated compo-
sition, electrophoretic mobility, and density distribu-
tion of particles isolated from conditioned medium (1,
2, 4). Efflux of cholesterol by purified apolipoproteins
was saturable with half-maximal effects occurring within
the concentration range of 50—200 nm for apoA-I, A-Il,
and E (1, 4, 5), values within the estimated concentra-
tion range of *‘free’” apolipoproteins present in biologi-
cal fluids (6-8). These observations have been used to
suggest that cholesterol efflux promoted by lipid-defi-
cient apolipoproteins may have physiological signifi-
cance (1, 9, 10).

The above studies have established that purified apo-
lipoproteins promote cholesterol and phospholipid ef-
flux from cholesterol-enriched cells; however, the
mechanisms and the participation of cellular pathways

Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; PBS,
phoaphate-buffered saline; BSA, bovine serum albumin; FBS, fetal bo-
vine serum; HDIL,, high density lipoprotein; LDL, low density lipopro-
tein.
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involved in these events remain unknown. Diffusion
and desorption of cell cholesterol for uptake by lipid-
free apolipoproteins seems an unlikely mechanism, as
this model depends on the absorption of cholesterol
into the lipid surface of extracellular lipoproteins and
the net flux dictated by the chemical gradient of choles-
terol between the cells and the extracellular acceptor
(11). Other possibilities have been suggested. Hara and
Yokoyama (1) suggested that efflux of cellular lipids de-
pends on the interaction of free apolipoproteins with
cell surface phospholipids. The resulting lipid:protein
complexes are released to the extracellular space to
form nascent HDL particles, which presumably would
then act as efficient acceptors of cell cholesterol by dif-
fusional pathways. Bielicki et al. (4) predicted a similar
model; however, they found their data were better de-
scribed if lipid-free apolipoproteins interact with cell
membrane lipids causing the simultaneous release of
cholesterol and phospholipids, with the caveat that very
early efflux of phospholipid (less than 3 h) could pre-
cede cholesterol efflux to form nascent pre-like HDL
that act as acceptors of cellular cholesterol by mecha-
nisms predicted by the aqueous diffusion model. Stud-
ies by Forte et al. (10) also indicated that cholesterol
and phospholipid efflux by apoA-I were closely linked
and these authors suggested that phospholipid efflux
may precede cholesterol efflux. These putative path-
ways predict that efflux of cell lipids by apolipoproteins
depends on an interaction between the apolipoproteins
and cell surface to form lipid:protein complexes and
thereby deplete cellular lipids. Such models imply that
cells play mostly a passive role in these events and do
not actively contribute to the process of ridding excess
cell cholesterol.

In several studies, efflux of cholesterol by free apoli-
poproteins was mostly accounted for by decreased intra-
cellular cholesterol esters (1, 2, 5). This suggests that
either lipidfree apolipoproteins deplete cell free cho-
lesterol pools, most likely from the plasma membrane,
that is then replenished by the net hydrolysis and trans-
port of intracellular cholesterol esters or that free apoli-
poproteins directly stimulate the net hydrolysis of intra-
cellular cholesteryl esters and promote depletion of
cholesterol from this pool directly. Therefore, some
pathway must exist to transport cholesterol from intra-
cellular sites of storage and over-accumulation to
plasma membrane sites available for efflux. We have re-
cently demonstrated that disruption of Golgi apparatus
structure and function, by treating cells with brefeldin
A or monensin, prevents intracellular cholesterol efflux
from cholesterol-loaded cells to HDL (12). Those data
suggest an active role for the Golgi apparatus in choles-
terol transport from intracellular sites of accumulation
or storage to plasma membrane sites available for efflux
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to HDL. In the present study, we examined the effects
of these agents on cellular cholesterol and phospho-
lipid efflux to purified apoA-l to determine whether
HDL and lipidfree apolipoproteins share common
mechanisms in depleting excess cell cholesterol. We
also examined the effects of Golgi apparatus disrupting
drugs on lipid efflux to apolipoprotein-deficient ac-
ceptors. Our results showed that brefeldin A and mo-
nensin prevented both cholesterol and phospholipid ef-
flux by greater than 80% to apoA-l but, in contrast,
these agents had little effect on lipid efflux to apolipo-
protein-deficient acceptors. These data are consistent
with the notion that cellular lipid efflux by lipid-free
apoA-], similar to intracellular cholesterol efflux by
HDL (12), involves Golgi complex-dependent events,
while efflux of lipids mediated by apolipoprotein-de-
pleted acceptors do not and the latter pathway is less
effective at depleting intracellular cholesterol from cho-
lesterol-enriched cells.

MATERIALS AND METHODS

Materials

[*H]choline chloride (81-87 Ci/mmol) and carrier-
free Na'*I (17 Ci/mg) were from DuPont NEN (Bos-
ton, MA). Lipid standards were from Sigma. Other ma-
terials used have been described in detail elsewhere

(12).

Cells

Conditions for culturing human skin fibroblasts and
sources of tissue culture reagents have been described
(12). Fibroblasts were used between passages 5 and 12.
Cellular cholesterol was labeled as described (12).
Briefly, subconfluent cultures were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) containing
10% FBS and 0.2 to 0.4 nCi/ml [*H]cholesterol until
confluent (usually 3 days). Labeled cells were rinsed
with phosphate-buffered saline (PBS) and subsequently
loaded with non-lipoprotein cholesterol by incubation
with DMEM containing 2 mg/ml fatty acid-free bovine
serum albumin (BSA) and the indicated concentrations
of cholesterol for 24 h. Cultures were incubated for an
additional 40-48 h in DMEM containing 1 mg/m! BSA
to allow equilibration of cholesterol pools. Cells were
also enriched with cholesterol by incubation with low
density lipoprotein (LDL). Subconfluent cultures were
incubated with DMEM containing 2% FBS and 100 pg/
ml LDL protein. After 48 h, by which time cells reached
confluence, cells were rinsed with PBS containing 1
mg/ml BSA and incubated for an additional 24 h in
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DMEM containing 1 mg/ml BSA to allow equilibration
of cholesterol pools. Choline-containing phospholipids
were labeled by incubating cells with DMEM containing
1 mg/ml BSA and 1 pCi/ml [*H]choline during the
final 24 h of the equilibration incubation after loading
cells with cholesterol. During incubation of cells with
test compounds, vehicle alone (ethanol) was added to
control dishes at equal concentrations (never ex-
ceeding 0.25%).

ApoA-l, lipoproteins, and phospholipid vesicles

ApoA-l was purified from isolated high density lipo-
protein (HDL) as previously described (13) and quant-
fied by absorbance at 280 nm (14).

LDL and HDL were isolated by standard sequential
ultracentrifugation methods in the density intervals
1.02-1.063 and 1.12-1.21 g/ml, respectively. Isolated
lipoproteins were centrifuged a second time at the
higher density to wash and concentrate the fractions,
then dialyzed against PBS containing 1 mym EDTA. HDL
was subjected to heparin-agarose chromatography to re-
move apoE and B-containing particles as described
(15). HDL was depleted of intact apolipoproteins by
trypsin treatment (trypsin-modified HDL) as described
{16). Proteins were quantitated by the method of Lowry
ctal. (13). ApoA-I and HDL were iodinated by the ICI
method of MacFarlane as modified by Bilheimer, Eise-
nberg, and Levy (17). Specific activities ranged from
350 to 600 cpm/ng protein and 250 to 500 cpm/ng
protein for apoA-I and HDL, respectively.

Small unilamellar phospholipid vesicles were pre-
pared by sonication of egg yolk phosphatidylcholine in
PBS as previously described (18).

Cholesterol efflux

Efflux of labeled cholesterol from cells was measured
by appearance of [*H]cholesterol into experimental
medium after incubation as described (12). Briefly, cell
medium was centrifuged for 10 min at 1500 gand radio-
activity in aliquots of the culture medium was measured
and assumed to represent [*H]cholesterol (12). Cell lay-
ers were washed twice with PBS containing 1 mg/ml
BSA, twice with PBS, then cell lipids were extracted with
hexane—isopropanol 3:2 (v/v). Cell protein was dis-
solved in 0.1 M NaOH and quantitated by the method
of Lowry et al. (13). Lipids were separated by thin-layer
chromatography (TLC) developed with heptane~di-
ethyl ether—methanol-acetic acid 80:30:3:1.5 (v/v/v/
V) to quantitate free and esterified cholesterol radioac-
tivity by scintillation counting.

Cell free and esterified cholesterol masses were mea-
sured after TLC separation of free and esterified choles-
terol, as above. Appropriate spots were scraped from
the TLC plates and saponified by heating at 80°C for 1
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hin 1 ml 1 M KOH in 80% ethanol. Nonsaponified lip-
ids were extracted with 1.5 ml HyO and 5 ml hexane

and phases were separated by centrifugation at 1000 g

for 10 min. Aliquots of the hexane phase were evapo-
rated under a stream of N, gas in a 40°C water bath,
reconstituted in isopropanol, and cholesterol mass was
assayed enzymatically (19).

Cholesterol esterification

Esterification of cellular cholesterol by acyl coenzyme
A:cholesterol acyltransferase (ACAT) was measured by
the incorporation of ["CJoleate into cholesteryl esters
(20). After incubation with experimental medium, cells
were rinsed once with PBS then incubated for 1 h in
DMEM containing 9 um [*CJoleate and 3 um BSA for
1 h at 37°C. Cell lipids and proteins were extracted as
above. Lipids were separated by TLC developed with
hexane—diethyl ether—acetic acid 65:20:1 (v/v/v) and
appropriate spots were taken for scintillation counting.
Cholesterol esterification was expressed as nanomoles
of [""C]Joleate incorporated into ["'C]cholesteryl esters
per mg of cell protein.

Simultaneous assay of cellular cholesterol mass,
radioactivity and esterification

In some experiments cellular cholesterol mass, radio-
activity, and cholesterol esterification were measured si-
multaneously in the same culture dish. For these stud-
ies, cells were plated in 35-mm dishes and labeled with
[*Hlcholesterol and enriched with cholesterol (de-
scribed in the appropriate figure legends) as above.
After incubation with experimental medium for the in-
dicated times, medium was removed and [*H]choles-
terol efflux was determined as above. Cell layers were
rinsed once and incubated with [!*C]oleate medium to
measure ACAT activity as above. Cell layers were ex-
tracted, lipids were separated by TLC, and free and es-
terified cholesterol spots were collected, then saponi-
fied and extracted with hexane as described for
determination of cholesterol mass. This approach al-
lowed for quantitation of labeled cholesterol recovery at
each step of the sample workup and to directly correlate
changes among the measured variables. Cellular free
and esterified cholesterol mass and radioactivity were

measured in aliquots of the hexane phase. Recovery of

[*H]cholesterol in the hexane extract was 96 * 4 and
94 * 5 % (mean = SD of 160 dishes from 5 different
experiments) for free and esterified cholesterol, respec-
tively. Cholesterol mass measurements were corrected
for recovery of label. Incorporation of [“Cloleate was
determined by counting aliquots of the lower aqueous
phase after saponification and extraction. Based on the
partition of ["'C]oleate radioactivity between the hex-
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ane and aqueous phase, saponification efficiency ex-
ceed 98%.

Phosphatidylcholine efflux

After labeling with [*H]choline, cells were washed 4
times with PBS containing 1 mg/ml BSA, then once in
DMEM prior to addition of experimental medium.
After incubation, efflux medium was collected, centri-
fuged to remove cell debris as above, and aliquots were
taken for extraction by the method of Folch, Lees, and
Sloane Stanley (21). Cell lipids were extracted with 2
ml isopropanol for 18 h (4), then dishes were rinsed
twice with 1 ml isopropanol and extracts were pooled.
Extracts were evaporated to dryness under a stream of
N, gas in a 50°C water bath. The residue was dissolved
with CHCL-CH;OH 2:1 (v/v) and phospholipid
classes were spotted on Whatman (Clinton, NJ) silica
gel linear K TLC plates with a pre-absorbent zone and
development in CHCl;—CH;OH-H,0 65:35:4 (v/v/v).
Phospholipids were identified by iodine staining and
co-migration with authentic standards. After allowing
the iodine stain to evaporate, appropriate spots were
scraped from the plates and radioactivity was measured
by scintillation counting.

Cell surface binding of apoA-I and HDL

Cell binding of iodinated apoA-I and HDL was mea-
sured essentially as previously described (20). Choles-
terol-loaded fibroblasts were washed twice with PBS con-
taining 1 mg/ml BSA and chilled on ice during a third
wash. Cells were then incubated at 0°C (on ice) with
HEPES-buffered DMEM containing 1 mg/ml BSA and
either 1 pug/ml "I labeled apoA-I or 5 ug/ml I la-
beled HDL protein for 3 h. Cells were washed 5 times
with ice-cold PBS containing 1 mg/ml BSA, then twice
with PBS. Cell layers were dissolved in 0.1 m NaOH and
aliquots were taken to quantitate radioactivity and pro-
tein.

Statistics

Comparisons between groups were analyzed by
paired Student’s #test. When not indicated, a statisti-
cally significant difference was assumed for P values less
than 0.05.

RESULTS

ApoA-I-mediated cholesterol efflux from cells

The ability of apoA-I to promote cholesterol efflux
from cells labeled with [*H]cholesterol and incubated
with increasing concentrations of cholesterol (to enrich
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cholesterol pools) was determined by simultaneously
measuring changes in cholesterol radioactivity, mass,
and ACAT-mediated cholesterol esterification (Fig. 1).
Incubation with exogenous cholesterol increased the
proportion of radioactivity in cellular cholesteryl esters
(concomitant with a decrease in free [*H]cholesterol),
and increased free and esterified cholesterol mass and
ACAT activity. Efflux of cellular [*H]cholesterol to me-
dium containing 1 mg/ml BSA was less than 2% of total
[*H]cholesterol and decreased slightly after enriching
cells with cholesterol. Addition of apoA-I to the medium
stimulated efflux of cholesterol from cells based on ap-
pearance of [*H]cholesterol in the medium, a decrease
in cellular esterified cholesterol radioactivity and mass,
and a decrease in the substrate pool of cholesterol avail-
able for esterification by ACAT relative to cells incu-
bated without apoA-I. Labeled cholesterol efflux by
apoA-I was mostly accounted for by a decrease in cellu-
lar *H]cholesteryl esters and only small changes in free
[*H]cholesterol were observed. ApoA-I reduced cellular
cholesteryl ester mass while free cholesterol mass was
slightly (but consistently) decreased, similar to the
changes observed for [*H]cholesterol. Finally, apoA-I
decreased cholesterol esterification by ACAT at all lev-
els of cellular cholesterol enrichment. The magnitude
of apoA-I-mediated efflux by each measure was in-
creased with cellular cholesterol enrichment.

Further analysis of these results demonstrated a
strong correlation between several of the measured pa-
rameters. For all conditions studied a positive correla-
tion was found between cellular esterified cholesterol
mass and radioactivity (r = 0.951, P < 0.001), esterified
cholesterol mass and ACAT activity (r = 0.830, P <
0.001), and [*H]cholesteryl esters and ACAT activity (r
= 0.943, P < 0.001). A significant correlation was also
observed between free cholesterol mass and ACAT ac-
tivity and between free cholesterol mass and esterified
cholesterol mass. Efflux of [*H]cholesterol did not show
any correlation between other results as efflux to
DMEM containing 1 mg/ml BSA was low and un-
changed for all conditions studies. However, apoA-I-me-
diated [*H]cholesterol efflux was significantly corre-
lated with apoA-I-mediated changes (relative to
medium containing 1 mg/mi BSA) in cellular choles-
teryl ester mass (r = 0.955, P < 0.05), cholesteryl ester
radioactivity (r = 0.988, P < 0.02) and ACAT activity (r
= 0.996, P < 0.01).

These results show that apoA-I promotes cholesterol
efflux from cells and efflux was increased when cell cho-
lesterol levels were elevated, in agreement with previous
reports (4). In addition, there was statistically signifi-
cant correlation between all measures of intracellular
cholesterol reduction and the ability of apoA-l to pro-
mote efflux, implying that changes in radioactive cho-
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Fig. 1. Effect of enriching cells with cholesterol on apoA-I'mediated cholesterol efflux in control and brefeldin
A-treated cells. Human skin fibroblasts were labeled with ["H]cholesterol during growth and maintained to
confluence as described under Methods. Cells were then incubated with BMEM containing 2 mg/ml BSA and
the indicated concentrations of exogenous cholesterol for 24 h at 37°C, followed by incubation for 40 h with
DMEM containing 1 mg/ml BSA. Cells were incubated with DMEM containing 1 mg/ml BSA alone (U],
DMEM) or with 3.4 pm brefeldin A (B, BFA) or with 5 ug/ml apoA-1 (B) or with BFA and apoA-1 (H) for
20 h. ['"H]cholesterol efflux, cellular [*H]cholesterol distribution, cellular cholesterol mass, and cholesterol
esterification by ACAT were determined in the same culture dish as described under Methods. Panel A:
[*H]cholesterol efflux; panel B: cell unesterified [*H]cholesterol; and panel C: cell ["H]cholesterol esters are
expressed as the percent of total (medium + cell) [*H]cholesterol radioactivity. Panel D: Cellular cholesterol
(Chol) esterification was determined by a I-h incubation with [*CJoleate medium after removal of experimen-
tal medium as described under Methods and results are expressed as nmoles of oleate incorporated into cholest-
eryl esters per mg of cell protein. Panels E and F: Gellular free and esterified cholesterol mass, respectively,
expressed as ig cholesterol / mg cell protein. For all panels results are the means = SD of three dishes. Recovery
of cell protein was 97 % 5 and 95 * 5 pg/dish (mean * SD, n = 24) for control and BFA treated cells,
respectively and were similar (no statistical differences) for all conditions of cholesterol loading. Recovery of
total [*H]cholesterol was 53123 + 5994, 43512 = 4451, 46703 * 3225, and 47497 * 5763 cpm/dish (mean
+ 8D, n = 12 for each group) for cells incubated with 0, 5, 15, or 30 pg/ml of cholesterol, respectively, and
similar for control and BFA-treated cells.
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lesterol reflect changes in cell cholesterol mass. It is
worth noting that under the conditions used for label-
ing cell cholesterol and the subsequent loading of cells
with exogenous cholesterol, free and esterified choles-
terol do not attain equal specific activities, although the
specific activity of each pool reaches a constant level
that remains unchanged during incubation with efflux
medium. This may be due to artificially high levels of
free cholesterol produced by this loading protocol and
may reflect cholesterol mass that may not be cell associ-
ated. For example, loading cells with non-lipoprotein
cholesterol has been reported to result in the presence
of micro-crystalline cholesterol deposition on the cell
surface when examined by electron microscopy (20) po-
tentially leading to apparently lower specific activity of
cellular free cholesterol relative to cholesteryl esters. In
contrast, cholesteryl ester levels and the substrate pool
of cholesterol available for esterification by ACAT were
also increased in a dose-dependent manner by this load-
ing protocol, and reflect cholesterol that is taken up
and metabolized within cellular compartments, demon-
strating that intracellular levels of cholesterol were ef-
fectively increased. Also worth noting is that even in qui-
escent and growth-arrested cells not exposed to
exogenous cholesterol, free and esterified cholesterol
did not attain equal specific activities, suggesting that
other factors involved in determining cellular choles-
terol distribution may also be involved (e.g., ref. 22).

The effects of brefeldin A, a compound that inhibits
Golgi apparatus-mediated protein transport (23), on
apoA-I-mediated cholesterol efflux were examined in
the same study (Fig. 1). Brefeldin A treatment increased
cellular cholesteryl esters and ACAT activity compared
with controls pre-incubated with 0 or 5 ug/ml choles-
terol but had no observable effects on ACAT activity in
cells enriched with higher concentrations of choles-
terol. Brefeldin A did not affect [*H]cholesterol efflux
from cells to DMEM containing 1 mg/ml BSA but pre-
vented apoA-I-mediated efflux of cholesterol from cho-
lesterol-enriched cells by greater than 90% due to the
inability of apoA-I to deplete cellular free or esterified
cholesterol mass or radiolabel and prevented the apoA-
I-mediated decrease in cholesterol esterification com-
pared with controls. These results suggest that apoA-
I-mediated efflux of cellular cholesterol depends on a
brefeldin A-sensitive pathway.

A similar experiment as described above was per-
formed using cells enriched with cholesterol derived
from LDL and the ability of apoA-1 and HDL to pro-
mote efflux was examined in control or brefeldin A-
treated cells (Table 1). In control incubations, apoA-I
and HDL promoted efflux of cell cholesterol deter-
mined by the appearance of [*H]cholesterol in the cul-
ture medium, decreased radioactivity and mass of cellu-

Mendez and Uint

lar free and esterified cholesterol, and a decrease in the
pool of cholesterol available for esterification by ACAT
compared to cells incubated with medium containing
1 mg/ml BSA. In brefeldin A-treated cells [*H]choles-
terol efflux from cells to medium containing apoA-I or
HDL was significantly (P < 0.01) reduced compared to
control cells. Decreased efflux could mostly be ac-
counted for by a diminished ability of these acceptors
to deplete intracellular cholesteryl esters (mass or radio-
activity) and the pool of cholesterol available for esteri-
fication by ACAT. Similar to results observed in Fig. 1,
brefeldin A treatment of cells caused an apparent in-
crease in ACAT activity relative to controls; however, the
extracellular acceptors were unable to effect any change
in cholesterol esterification. These data agree with re-
sults obtained using cells loaded with non-lipoprotein
cholesterol and our previous observations regarding the
effects of brefeldin A on HDIL-mediated cholesterol ef-
flux (12) indicating that the method or extent of choles-
terol enrichment (while affecting absolute levels of cel-
lular cholesterol, distribution of radioactive cholesterol,
and relative ACAT activity) is not a primary determinant
in brefeldin A-mediated inhibition of apolipoprotein-
mediated cholesterol efflux from cells.

The time course of [*H]cholesterol efflux by apoA-I
from cholesterol-loaded cells was examined in control,
brefeldin A or monensin-(another compound that also
affects Golgi apparatus structure and function [24])
treated cells (Fig. 2). Under control conditions,
{?H]cholesterol efflux to apoA-I increased in a nearly
linear fashion over time. At earlier times the majority
of efflux was due to depletion of cellular free
[*H]cholesterol. After 12 h, there was little further de-
crease in cellular free cholesterol and most of the cho-
lesterol appearing in the medium was accounted for by
depletion of [*H]cholesteryl esters. Brefeldin A treat-
ment had no significant effect on cellular free or esteri-
fied [*H]cholesterol levels or on the low level of choles-
terol efflux to medium containing 1 mg/ml BSA in the
absence of apoA-I. Addition of brefeldin A during incu-
bation with apoA-l significantly inhibited [*H]choles-
terol efflux (P < 0.02 compared with controls at all
times), by 40% after 3 h of incubation and by 85 * 2%
(mean * SD) at all other times. Incubating cells with
monensin decreased cellular esterified [*H]cholesterol
and increased free [*H]cholesterol over time compared
with controls (P < 0.05 at all times greater than 6 h),
with an apparent new steady state attained after 18 h.
In spite of increased [*H]cholesterol levels, efflux of
[*Hlcholesterol from cells to apoA-1 was inhibited by 87
* 3% at all times in monensin-treated cells relative to
control cells (P < 0.01), comparable to effects of brefel-
din A. These data show that brefeldin A and monensin
have profound effects on the ability of apoA-I to pro-
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TABLE 1. Effect of brefeldin A on apoA-I- and HDIL-mediated cholesterol efflux from LDL-cholesterol-
loaded human skin fibroblasts

[*H]Cholesterol Cell Cholesterol Mass
Efflux Cell UC Cell CE Cell UC Cell CE ACAT Activity
% of total '"H ug/mg cell protein pmol/mg cell protein

DMEM 22*0.1 879 *07 99+ 08 558=*30 8.6 = 0.6 450 * 55

+5 pg/ml apoA-l 11210 83.0*x07 5905 482+17 42x05 62+ 9

+50 ug/ml HDL 34405 609 * 0.6 47+02 507x18 27 %03 30 £ 2
2 um Brefeldin A 3104 848x05 12708 508*+04 103=*07 638 = 45

+5 nug/mi apoA-l 3601 850+03 11404 494*18 7.8 £ 0.5 663 £ 49

+50 pg/ml HDL 203 +03 71.3+04 85+ 05 bH4.1x0.7 8.2=* 1.0 636 = 143

Fibroblasts labeled with [*Hlcholesterol were grown to near confluence then incubated with DMEM con-
taining 1 mg ml BSA and 100 pg/ml LDL protein for 48 h then the same medium without LDL for an
additional 24 h. Cells were subsequently incubated with DMEM containing 1 mg/ml BSA (DMEM) alone or
with the indicated additions. After 20 h at 37°C, the medium was collected and the cells were pulse incubated
with medium containing ["*H]oleate to assess relative ACAT activity. Cells and medium were analyzed as de-
scribed in the legend to Fig. 1. Recovery of total *H was 48204 * 2770 and 52627 * 5012 cpm/dish and
recovery of protein was 163 + 4 and 170 * 7 ug/dish for control and brefeldin A-treated cells, respectively.
Results are the mean * SD of three dishes and representative of two similar experiments.

mote cholesterol efflux from cholesterol-loaded cells,
and suggest that efflux depends on a brefeldin A- and
monensin-sensitive mechanism, consistent with a role
for a Golgi apparatus-mediated pathway (23, 24) in
these events.

To rule out that brefeldin A or monensin inhibited
cholesterol efflux by interfering with the cholesteryl
ester cycle, apoA-I-mediated efflux of cellular
[*Hlcholesterol was measured in cells treated with an
ACAT inhibitor. For these studies cells were treated as
described in Fig. 2 except for the inclusion of the ACAT
inhibitor, Sandoz compound 50-035 (2 ug/ml), during
the cholesterol-loading and subsequent incubations.
Under these conditions less than 1% of total
[*H]cholesterol was esterified compared with 20% in
parallel incubations without the ACAT inhibitor. Al-
though nearly all of the label was present as unesterified
cholesterol, efflux from cells to medium containing
apoA-T was inhibited by greater than 90% when brefel-
din A or monensin were included during a 16-h incuba-
tion (not shown), comparable to the effects on apoA-I-
mediated cholesterol efflux when ACAT was active.
These results show that the effects of these drugs on
inhibiting cholesterol efflux were not directly due to
changes in ACAT activity.

The concentration dependence of apoA-I on cellular
[’Hlcholesterol efflux was examined in control and
brefeldin A-treated cells loaded with 30 pg/ml non-li-
poprotein cholesterol. In control cells, apoA-I pro-
moted cholesterol efflux in a dose-dependent and satu-
rable manner over the range of 1 to 10 pg/ml (not
shown). As above, efflux was accounted for by a de-
crease in both cellular free and esterified [*H]choles-
terol. Addition of brefeldin A during the incubations
significantly inhibited cholesterol efflux at each dose of

2516  Journal of Lipid Research Volume 37, 1996

apoA-l (except 0) by an average of 85 * 3% (mean =
SD of four concentrations of apoA-I) compared with
control incubations. Thus, inhibition of cholesterol ef-
flux by brefeldin A was not overcome by increasing the
concentration of apoA-l in the medium.

Cholesterol esterification

As another index of intracellular cholesterol efflux,
the ability of apoA-1 to deplete cholesterol available for
esterification was examined in control, brefeldin A or
monensin-treated cells (Fig. 3). In control dishes, apoA-
I decreased the substrate pool of cholesterol available
for esterification in a dose-dependent fashion. When
cells were treated with brefeldin A or monensin during
incubation, apoA-I had no significant effect (P > 0.5)
on cholesterol esterification at any dose tested com-
pared with incubations without apoA-l. Brefeldin A or
monensin had no significant effect on cholesterol ester-
ification compared to control cells incubated in the ab-
sence of apoA-I, and treatment of cells with these com-
pounds had no effect on ["*C]oleate incorporation into
total phospholipids (not shown) or recovery of celi pro-
tein compared with controls.

Monensin treatment of cells resuited in a time-depen-
dent decrease in cellular [*"H]cholesterol esters (Fig. 2);
however, there was no apparent effect on ACAT activity
when cholesterol esterification was measured (Fig. 3).
Control studies were conducted to identify the cause of
this apparent discrepancy. ['H]cholesterol-labeled cells
enriched with cholesterol were treated with or without
monensin for 0 or 18 h then rinsed once with PBS and
ACAT activity was measured after a 1-h pulse incubation
with medium containing [M"Cloleate in the absence or
presence of monensin (Table 2). At 0 time, addition of
monensin to medium containing [*CJoleate during the
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Fig. 2. Effects of brefeldin A and monensin on the time course of
[*H]cholesterol efflux from cholesterol-loaded cells to apoA-I. Hu-
man skin fibroblasts were labeled with [*H]cholesterol then loaded
with 30 pg/ml cholesterol as described in the legend to Fig. 1. Cells
were incubated for the indicated times with DMEM containing 1 mg/
ml BSA (DMEM) alone or containing 5 ug/ml apoA-l (panels A-C)
or the same medium containing 4 uM brefeldin A (BFA; panels D-
F) or 25 pmM monensin (MON; panels G-I). Open and filled symbols
represent incubations without or with apoA-l, respectively. Choles-
terol efflux (Chol Efflux), cellular unesterified cholesterol (Cell Free
Chol), and cellular cholesteryl esters {(Cell Ester Chol) were deter-
mined as described under Methods and expressed as the percent of
total [*H] cholesterol. Results are the mean * SD of three dishes at
each time, and missing error bars are within limits of the symbols.
Recovery of [*H]cholesterol was 48365 * 5175, 52677 * 5020, and
48550 *+ 6238 cpm/dish (mean * SD, n = 36) and recovery of cellu-
lar protein after 24 h of incubation was 23.1 * 0.6, 24.3 * 0.4, and
21.4 = 0.9 (n = 6) for control, brefeldin A- and monensin-treated
cells, respectively.

1-h incubation had no effect on the cellular content of
[*H] cholesteryl esters compared to controls, but caused
a 70% decrease in cholesterol esterification. In cells in-
cubated with monensin for 18 h, there was a significant
decrease in cellular [*H]cholesteryl esters compared
with controls as noted above. However, when monensin-
treated cells were rinsed once with PBS prior to incuba-
tion with ['*C]oleate medium in the absence of monen-
sin, cholesterol esterification was similar to controls.

Mendez and Uint
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Fig. 3. Effects of brefeldin A and monensin on apoA-I-mediated in-
hibition of cholesterol esterification in cholesterol-loaded cells. Hu-
man skin fibroblasts were loaded with 30 ug/ml cholesterol as de-
scribed in the legend to Fig. 1. Cells were then incubated for 18 h at
37°C with DMEM containing 1 mg/ml BSA alone (O, Control} or
with 4 pM brefeldin A (@, BFA) or 25 uM monensin (V, Mon) and
the indicated concentrations of apoA-l. After incubation, cells were
incubated with medium containing ["*C]oleate for 1 h and incorpora-
tion of oleate into cholesteryl esters was measured as described under
Methods. Results are expressed as nmoles of ['*C]oleate incorporated
into cholesteryl esters per mg of cell protein. Results are the mean
+ SD of three dishes. Missing error bars are contained within the
limits of the symbols. Protein recovery averaged 19.7 = 1.7 ug/dish
and was similar for all conditions.

When monensin was included during the final incuba-
tion, cholesterol esterification was again significantly in-
hibited. In contrast, incorporation of ["“C]loleate into
triglycerides or phospholipids was slightly increased or
not affected, respectively (Table 2), by monensin treat-
ment of cells, suggesting that monensin does not di-
rectly affect oleate uptake or activation by cells. These
results show that monensin causes an apparent inhibi-
tion of cellular ACAT activity after relatively short times
and these effects are rapidly reversible.

Phospholipid efflux

In addition to cholesterol efflux, apoA-I also pro-
motes efflux of phospholipids from cholesterol-loaded
cells (1, 4, 5). Studies were conducted to examine
whether apoA-I-mediated [*H]phosphatidylcholine and
[*H]sphingomyelin effluxes were sensitive to brefeldin
A or monensin (Fig. 4). Brefeldin A had no effect on
phospholipid efflux to medium in the absence of apoA-
I. Monensin treatment also had no effect on phosphati-
dylcholine efflux but increased efflux of sphingomyelin
to medium containing albumin (see figure legend).
Neither compound affected efflux of lysophosphatidyl-
choline relative to controls (the only other phospho-
lipid class with appreciable incorporation of label),
which was unaffected by the presence of apoA-I and

Golgi apparatus-sensitive apoA-I-mediated lipid efflux 2517

2102 ‘8T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

2518

TABLE 2. Effects of monensin on cholesterol esterification in cholesterol-loaded human skin fibroblasts

[MClOeate Incorporation

Addition to —
Pretreat Time ["C]Oleate Medium  Cell ["H]CE Cholesteryl Ester Triglycerides Phospholipids
h % of lolal nmol/mg protein

DMEM 0 none 370+ 2.6 4.04 = 0.15 1.74 £ 0.14 2.28 + 0.23

DMEM 0 monensin, 25 384 = 1.7 1.13 = 0.06" 2.78 = 0.09" 2.80 = 0.14
IR

DMEM 18 none 38013 4.55 * 0.08 2.95 = 0.26 2.75 + 0.47

Monensin, 25 um 18 none 325+ 04" 433 *0.27 254 = 0.12 2.28 * 0.26

Monensin, 256 um 18 monensin, 25 32.6 = 0.9" 1.48 = 0.06" 3.15 £ 0.16 2.86 = 0.34
um

Cells were labeled with [*H]cholesterol and cholesterol enriched by incubation with 30 pug/ml cholesterol
as described in the legend to Fig. 1. Cells were incubated with DMEM containing 1 mg/mil BSA (DMEM) or
with DMEM containing 25 uM monensin for the indicated times. Cells were then rinsed once with PBS and
incubated with DMEM containing 9 ytm ["'Cloleate and 3 pm BSA (["C]Oleate Medium) alone or with monen-
sin as indicated and incubated for 1 h at 37°C. Cellular lipids and protein were analyzed as described in Meth-
ods. Results are expressed as the mean = SD of three dishes.

“P < 0.0]1 compared to control incubations.
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Fig. 4. Effects of brefeldin A and monensin on apoA-I-mediated phospholipid efflux. Cholesterol-loaded fi-
broblasts were incubated with [*H]choline to label cell phosphatidylcholine and sphingomyelin as described
under Methods. Cells were incubated at 37°C in DMEM containing 1 mg/ml BSA (O, Control) alone or with
4 uM brefeldin A (@, BFA), or 25 um monensin (V, Mon) and with or without b pg/ml apoA-l. After the
indicated times, medium and cell phosphatidylcholine and sphingomyelin radioactivity were quantitated as
described under Methods. Panel A: ApoA-I-mediated efflux of cellular ["H]phosphatidylcholine calculated as
the difference between incubations with and without apoA-1. Efflux to DMEM with BSA alone was 1.6 and 2%
of total counts after 6 and 24 h of incubation, respectively, and similar for all conditions. Panel B: ApoA-I-
mediated efflux of cellular [*H]sphingomyelin calculated as the difference between incubations with and with-
out apoA-L. Efflux to DMEM with BSA alone was 3.0 and 4.9% for control and BFA-treated cells and 5.2 and
6.8% of total counts in monensin-treated cells, after 6 and 24 h of incubation, respectively. For panels A and
B results are the average of duplicate dishes that varied by less than 7 and 9% of the mean for phospbatidylcho-
line and sphingomyelin efflux, respectively. Panel C: total [*H]phosphatidylcholine recovered at each time
point expressed as cpm/mg of cell protein. Panel D: total [*H]sphingomyelin recovered at each time point
expressed as cpm/mg of cell protein. In panels C and D results are the mean * SD of 4 dishes. Similar results
were observed in three independent experiments.
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presumed to be mediated by apoA-lindependent
mechanisms (data not shown). In control cells, apoA-1
promoted efflux of both [*H]choline-labeled phospha-
tidylcholine and sphingomyelin in a time-dependent
manner. In cells treated with brefeldin A, apoA-I-medi-
ated phosphatidylcholine and sphingomyelin effluxes
were inhibited at all times compared with controls. De-
creased phospholipid efflux could not be attributed to
differences in phosphatidylcholine or sphingomyelin
radioactivity over the course of the experiments, which
were similar to controls at all times (Fig. 4, panels C and
D). Monensin treatment inhibited phosphatidylcholine
efflux to apoA-I at all times compared with controls,
similar to the effects of brefeldin A. Efflux of cellular
sphingomyelin to apoA-I was also inhibited by monen-
sin and paralleled inhibition due to brefeldin A, but
showed a somewhat greater effect. By 24 h, inhibition
of apoA-I-mediated phospholipid efflux by brefeldin A
or monensin were similar, ~80% for phosphatidylcho-
line and sphingomyelin efflux. While monensin had no
effect on the recovery of labeled phosphatidylcholine
compared with controls, sphingomyelin-associated ra-
dioactivity was significantly decreased (P < 0.05) after
24 h of incubation compared with controls. However,
this in itself was insufficient to account for the inhibi-
tion of sphingomyelin efflux to apoA-1, as inhibition was
observed at times when levels of cellular sphingomyelin
radioactivity were similar in control and monensin-
treated cells.

Effects of brefeldin A and monensin on cellular lipid
efflux to lipid-containing acceptors

ApoA-l, unlike lipoproteins, cannot readily partici-
pate in processes involving cholesterol desorption and
diffusion events resulting in the uptake of cellular cho-
lesterol onto the lipoprotein lipid surface as predicted
by the aqueous diffusion model of cholesterol efflux
(25). Thus, the ability of apoA-I to promote lipid efflux
may occur by a unique process(es) distinct from those
mediated by lipid-containing acceptors. We tested the
effects of brefeldin A and monensin on cellular
[*H]cholesterol efflux to various lipid-containing ac-
ceptors and apoA-I to determine whether similar efflux
mechanisms were involved for different acceptor types.
HDL, containing lipids and apolipoproteins, can pre-
sumably promote efflux by apolipoprotein-dependent
and -independent pathways. In contrast, HDL depleted
of apolipoproteins by modification with trypsin (trypsin-
HDL) is unable to participate in apolipoprotein-depen-
dent efflux (16). Sonicated phospholipid vesicles were
used as acceptors that by nature can only participate in
efflux by apolipoprotein-independent mechanisms
(e.g., ref. 5). [*H]cholesterol efflux from cholesterol-
loaded cells by each acceptor was compared in control,

brefeldin A- or monensin-treated cells (Table 3). Cho-
lesterol efflux to medium without acceptors was the
same for all conditions. Similar to results shown above,
cellular esterified [*H]cholesterol was significantly de-
creased by monensin treatment and not affected by
brefeldin A compared with controls. ApoA-I promoted
efflux of [*H]cholesterol to the medium and in celis
treated with brefeldin A or monensin, efflux was again
significantly inhibited (by 84 and 87%, respectively).
The ability of HDL to promote cholesterol efflux in the
presence of monensin or brefeldin A was also signifi-
cantly inhibited (by 40% for both drugs) compared with
controls, confirming our previous observations (12).
The decrease in cholesterol efflux in cells treated with
monensin or brefeldin A may be assumed to reflect
changes in net efflux as these compounds also pre-
vented HDL-mediated cholesterol mass efflux (Table 2
and ref 12) and neither compound affected influx of
HDL-associated [*H]cholesterol to ceils under similar
experimental conditions (not shown). Trypsin-HDL was
less effective at promoting cholesterol efflux than HDL
under control conditions as previously documented
(16). However, unlike control HDL, there was no effect
on the extent of [*H]cholesterol efflux to trypsin-HDL
in cells treated with brefeldin A or monensin. Phospho-
lipid vesicles were also effective at promoting choles-
terol efflux from cells. Brefeldin A had no effect on
[®*H]cholesterol efflux, while monensin caused a small,
but significant, 15% inhibition of efflux mediated by
the vesicles. The ability of the various acceptors to de-
plete the substrate pool of cellular cholesterol available
for esterification by ACAT was also examined (Table 3).
Under control conditions, only HDL and apoA-I sig-
nificantly decreased cell cholesterol esterification com-
pared with cells incubated with medium containing 1
mg/ml BSA. Treating cells with brefeldin A or monen-
sin completely prevented the decrease in cholesterol es-
terification by HDL and apoA-l, in agreement with pre-
vious results (12) and the above data. Trypsin-HDL and
phospholipid vesicles were unable to decrease choles-
terol esterification under the conditions studied and
brefeldin A and monensin had no further effects, as ex-
pected. Comparable results were observed in three to
five separate experiments for each acceptor.

The effects of brefeldin A and monensin on the abil-
ity of HDL, trypsin-HDL, and phospholipid vesicles to
promote phospholipid efflux from cells were compared
(Fig. 5). Acceptors were incubated at equal concentra-
tion based on phospholipid content. Under control
conditions, HDL was more effective at promoting efflux
of both phosphatidylcholine and sphingomyelin than
either of the acceptors deficient in apolipoproteins.
More interestingly, only HDL-mediated efflux of cellu-
lar phospholipids was inhibited by brefeldin A or mo-

Mendez and Uint Golgi apparatus-sensitive apoA-I-mediated lipid efflux 2519

2102 ‘8T aunr uo ‘sanb Aq 610 4jmmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 3. Effects of brefeldin A and monensin on cellular [*H]cholesterol efflux and cholesterol
esterification by different acceptor types

Cell
[*H]Cholesterol Cell [*H}Cholesteryl Cholesterol
Efflux 1*H]Cholesterol Esters Esteritication
% of total [*H]cholesterol nmol/mg cell protein

DMEM 1.4 + 0.0 56.1 *+ 0.7 425 £ 0.7 4.58 * 0.11
+ BFA 1.4 = 0.1 55.5 + 0.3 43.1 = 0.3 4.59 = 0.02

+ MON 1.5+ 0.1 625 09 36.0 = 0.8¢ 4.67 £ 0.21
ApoA-1, 5 ug/ml 117205 52.6 = 1.7 357 £ 2.0 3.00 + 0.10%
+ BFA 3.1+ 0.3" 585 = 1.7 43.3 = 1.1 4.99 + 0.16

+ MON 2.8 = 0.1 61.0 =08 36.1 = 1.0 4.44 * 0.15
HDL, 25 um 19.3 = 0.4 46.0 = 0.3 347+ 0.5 3.82 + 0.08"
+ BFA 12,1 = 1.0“ 48.3 + 1.1 40.0 = 2.1 4.44 = 0.14

+ MON 12,3 + 0.2 52.2 = 0.5 35.5 £ 0.2 4.56 * 0.22
Trypsin-HDL, 25 um 9.1 +0.3 50.8 £ 0.4 40.1 *+ (.1 4.65 = 0.51
+ BFA 9.0 £ 1.8 49.8 * 1.7 41.3 * 3.6 4.59 = 0.11

+ MON 9.6 + 0.3 h4.4 *+ 0.4 36.0 = 0.5 4.46 * 0.04
PLV, 40 um 10.8 = 0.2 30.2 £ 1.5 377+ 1.5 4.43 * 0.14
+ BFA 10,1 0.3 52.4 *+ 0.6 375+ 0.4 497 * 0.24

+ MON 89.0 *+ 0.5 54.4 * 0.4 36.0 £ 0.5 4.71 + 0.35

Fibroblasts, labeled with [*H]cholesterol for efflux studies, were loaded with non-lipoprotein cholesterol
as described in the legend to Fig. 2. Cells were incubated with DMEM containing 1 mg/ml BSA alone (DMEM)
or with 4 um brefeldin A (+ BFA) or 25 um monensin (+ MON) and the same media containing the indicated
concentrations of apoA-l protein, HDL, trypsin-modified HDL (trypsin-HDL), or phospholipid vesicles (PLV)
based on total phospholipid content at 37°C for 16 h (cholesterol efflux) or 6 h (cholesterol esterification).
Medium and celtular [*H]cholesterol were measured as described under Methods and Results are expressed
as percent of total radioactivity. Recovery of cellular protein and radioactivity were 86 = 9 pg/35 mm dish
and 50900 = 7500 cpm/dish, respectively, similar for all conditions. Cellular cholesterol esterification was
measured by a 1-h incubation with ["*CJoleate after incubation with experimental medium as described under
Methods and expressed as nmoles of [*Cloleate incorporated into cholesierol esters per mg of cell protein,
Recovery of cell protein was 22.3 = 1.9 pug/16-mm well, similar for all conditions. Results are the mean * SD

of three dishes.

“P < 0.01 compared to the same medium without BFA or MON.

'P < 0.025 compared to DMEM alone.

nensin, reducing efflux to levels comparable with tryp-
sin-HDL and phospholipid vesicles. Treating cells with
brefeldin A and monensin had no effect on phosphati-
dylcholine or sphingomyelin efflux to either trypsin-
HDL or phospholipid vesicles.

Cell surface '®IHabeled apoA-1 and '®Ilabeled
HDL binding

Several studies have suggested that apolipoprotein-
mediated lipid efflux depends on the cell surface bind-
ing of HDL or apolipoproteins as an initiating event to
promote intracellular cholesterol translocation to
plasma membrane sites available for efflux (e.g., 26—
28). The effects of incubating cells with of brefeldin A
or monensin on 'Iabeled apoA-I and "*I-labeled HDL
binding to cholesterol-enriched cells were examined
(Table 4). Results show that these agents did not reduce
total, nonspecific, or specific binding of apoA-I or HDL
under the same conditions that inhibited lipid efflux.
Monensin treatment actually increased binding of both
HDL and apoA-], although a consistent observation was
that the increase varied between 5 and 30% in four dif-
ferent experiments. Also, worth noting is the signifi-
cantly greater binding of apoA-I to cells compared with

2520  Journal of Lipid Research Volume 37, 1996

HDL. The cause of this difference is unknown but has
been a consistent observation.

DISCUSSION

We have begun to address the cellular events involved
in transport of excess cholesterol for eventual removal
by extracellular acceptors. In the present study we have
shown that apoA-lI-mediated efflux of excess cellular
cholesterol and cellular phospholipids depends on a
brefeldin A- and monensin-sensitive pathway. Based on
the known effects of these compounds on Golgi appara-
tus structure and function (23, 24) our results support
the hypothesis that removal of cholesterol from cho-
lesterol-enriched cells by apolipoprotein-dependent
mechanisms is due to depletion of intracellular choles-
terol that is transported to sites available for efflux by
a Golgi apparatus-dependent mechanism(s). The same
or related pathway appears to be involved in apolipo-
protein-mediated efflux of cellular phospholipids as
phosphatidylcholine and sphingomyelin efflux by
apoA-I and HDL from cholesterol-enriched cells were
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Fig. 5. Effects of brefeldin A and monensin on phospholipid efflux
by different acceptors from cholesterol-loaded cells. Fibroblast cul-
tures were treated and labeled with [*H]choline as described in the
legend to Fig. 4. Cells were incubated with DMEM containing 1 mg/
ml BSA alone (Control, (J) or with 4 pm brefeldin A (BFA, W), or 25
uM monensin (Mon, B) and the same media containing 25 um total
phospholipid of HDL, trypsin-modified HDL (t-HDL) or phospho-
lipid vesicles (PLV) for 16 h at 37°C. Labeled phosphatidylcholine
and sphingomyelin efflux were measured as described in Fig. 4. Re-
sults are the mean * SD of three dishes expressed as acceptor-medi-
ated efflux after subtracting efflux to medium without acceptors (not
shown, e.g., see Fig. 4). Recovery of cellular protein, [*H]phosphati-
dylcholine, and [*H]sphingomyelin were (mean * SD, n = 36) 120
*+ 5 ug/dish, 267 = 25 cpm/ug protein, and 28 * 4 cpm/g protein,
respectively, and similar for all conditions. *Indicates P < 0.04 com-
pared to incubations without BFA or Mon.

also inhibited by brefeldin A and monensin. Lipid ef-
flux mediated by aqueous diffusion mechanisms de-
pends on desorption of lipids from the cell membrane
and diffusion across the unstirred water layer sur-
rounding the membrane for uptake by an appropriate
acceptor and is assumed to be independent of active
cellular processes (11, 25, 29, 30). Efflux by this pathway
is not affected by cellular cholesterol content and pre-
dicted to be insensitive to agents affecting active cellular
transport processes. Indeed, efflux of cellular choles-
terol and phospholipids to apolipoprotein-depleted ac-

Mendez and Uint

ceptors; trypsin-HDL, phospholipid vesicles, or albu-
min, was little affected by brefeldin A or monensin. In
the case of the latter acceptors, efflux of cellular lipids
most likely occurs by aqueous diffusion (5, 15), pro-
cesses apparently not affected by Golgi apparatus dis-
ruption. These data suggest a dissociation between apo-
lipoprotein-dependent and -independent lipid efflux
mechanisms based on sensitivity to brefeldin A and mo-
nensin. As one target of brefeldin A action is ADP-ribo-
sylation factor (31, 32) one possibility is that an ADP-
ribosylation factor-dependent vesicular transport step is
involved in intracellular cholesterol transport.

At least two models for brefeldin A- and monensin-
sensitive (i.e., Golgi-dependent) lipid transport and ef-
flux can be suggested based on the known effects of
these drugs on Golgi apparatus structure and function.
Cellular lipid transport may be a constitutive process
involving ‘lipid recycling’ among various cellular com-
partments mediated by vesicular transport pathways
and lipid efflux depends on the availability of appro-
priate extracellular acceptors. Rothblat et al. (33) pro-
posed a model whereby lipid-poor nascent HDL-associ-
ated apolipoproteins interact directly with cell
membrane lipids, thereby increasing cholesterol trans-
fer rates from cells to the adjacent acceptor by obviating
the need for cholesterol molecules to traverse an un-
stirred water layer. The current results may be described
by extending this model to include steps whereby excess
cellular cholesterol destined for efflux, together with
phospholipids, are transported from sites of accumula-
tion and storage through Golgi apparatus-dependent
mechanisms to plasma membrane sites available for in-
teraction with extracellular acceptors leading to lipid
efflux. Alternatively, transport of excess cholesterol
pools to efflux accessible sites may be stimulated by the

- interaction of apolipoproteins with cell surface binding

sites. The latter mechanism is supported by data show-
ing that apoA-I binds to cells in a saturable fashion (34)
and that binding is up-regulated when cell cholesterol
is increased (26). This interaction need not require
binding to a specific cell surface protein, but such inter-
actions may be involved (5, 26—28) and cannot be ruled
out based on the available data. However, brefeldin A
and monensin do not appear to decrease HDL or apoA-
I binding sites in fibroblasts under conditions that sig-
nificantly inhibited cholesterol efflux; thus, if apolipo-
protein binding to specific cellular sites is necessary to
promote cholesterol efflux, then these drugs may affect
steps subsequent to cell surface binding. While several
possible mechanisms exist for the observed effects of
brefeldin A and monensin, the current data clearly sug-
gest the participation of active cellular processes in-
volved in apolipoprotein-mediated lipid efflux.

Our results suggest that brefeldin A- and monensin-

Golgi apparatus-sensitive apoA-I-mediated lipid efflux 2521
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TABLE 4. Effects of brefeldin A and monensin on HDL and apoA-I binding
to cholesterol-loaded fibroblasts

'I-Labeled ApoA-1 Binding

'®f-Labeled HDI. Binding

Treatment Total Nonspecific Specitic Total Nonspecific Specific
ng/mg cell protein ng/mg cell protein

Control 110 £ 5 35 + 2 75 18 =1 40 14

Brefeldin A 109 = 8 32+ 3 77 19 £ 1 61 13

Monensin 126 = 8 26 £ 2 100 28 + 2 6 * 22

Cells were grown and loaded with cholesterol as described in the legend to Fig. 2. Cells received DMEM
containing 1 mg/ml BSA alone (Conwrol) or the same medium with 4 um brefeldin A (Brefeldin A) or 25 um
monensin (Monensin) for 16 h at 37°C. Cells were chilled on ice and total binding was determined after a 3-
h incubation at 2-4°C with DMEM containing 1 mg/ml BSA and 1 pg/ml '?I-labeled apoA-l or 5 ug/ml '*I-
labeled HDL and with or without brefeldin A or monensin. Nonspecific binding was determined by incubation
in the same medium with 40-fold excess unlabeled apoA-I or HDL as appropriate. Results are expressed as
mean * SD of four dishes expressed as ng of bound "*IHabeled protein per mg cell protein. Specific binding
is the difference between total and nonspecific binding. Recoveries of cell proteins were 53 = 4, 45 + 3, and
48 * 2 ug/dish for control, brefeldin A- and monensin-treated cells, respectively.

sensitive efflux of excess cellular cholesterol and phos-
pholipids are closely related. Other studies have also
suggested that cholesterol and phospholipid efflux by
purified apolipoproteins are closely linked (1, 4, 5, 10)
and we further suggest that efflux of these lipids depend
on cellular events that require an intact and functional
Golgi apparatus. Such a mechanism may transport
phospholipid pools (possibly distinct from the bulk of
phospholipids necessary for cellular membrane forma-
tion and/or maintenance) that increase in cells upon
enrichment with free cholesterol (35) along with excess
intracellular cholesterol to sites available for efflux. The
(assumed) absence of these lipid pools in cells not en-
riched with cholesterol could explain why apoA-I has
limited ability to promote cholesterol and phospholipid
efflux from cholesterol-depleted cells (4). The latter ob-
servation and studies showing that certain cell types are
resistant to apolipoprotein-mediated lipid efflux (36,
37) demonstrate that (purified) apoA-I-mediated lipid
efflux is not a consequence of nonspecific interactions
of apolipoproteins with cell membrane lipids leading to
the formation of extracellular lipid: protein complexes,
but involves participation of specific cell-mediated
events.

Recently, Li and Yokoyama (38) showed that apoA-I-
and HDL-mediated efflux of cellular cholesterol could
be selectively enhanced relative to phosphatidylcholine
efflux in growth factor-transformed, cholesterol-en-
riched smooth muscle cells after phorbol ester activa-
tion of protein kinase C. The phorbol ester effect was
only observed in the transformed smooth muscle cells
in which apoA-I'mediated efflux resulted in the forma-
tion of (relatively) cholesterol-poor, pre-beta-like parti-
cles in the medium under control conditions. However,
protein kinase C activation had no effect on cholesterol
efflux from macrophage cultures that produced choles-
terolrich, pre-beta-like particles upon incubation with

2522  Journal of Lipid Research Volume 37, 1996

apoA-I. These data were taken to suggest that protein
kinase C activation induced translocation of intracellu-
lar cholesterol from a pool available for esterification to
a pool accessible for apolipoprotein-dependent efflux
(38). These results suggest that the formation of apoli-
poprotein: phospholipid complexes alone is insuffi-
cient to induce cholesterol efflux and involves other cel-
lular events. Those results are not inconsistent with our
proposal that intracellular cholesterol efflux is medi-
ated by a Golgi-dependent process linked to phospho-
lipid efflux, if for example, activation of protein kinase
C increased the availability of cholesterol to a pool avail-
able for transport by a brefeldin A- or monensin-sensi-
tive pathway. We cannot rule out the additional possibil-
ity that brefeldin A and monensin treatment of cells
inhibits apolipoprotein-dependent lipid efflux by alter-
ing the expression or cellular distribution of yet unde-
fined proteins involved in lipid transport leading to re-
moval by extracellular apolipoprotein-containing
acceptors. Future identification of proteins directly in-
volved in cholesterol and phospholipid efflux events are
needed to address this possibility and distinguish be-
tween common or distinct mechanisms involved in
apolipoprotein-mediated lipid transport and efflux.

It has been suggested that purified apolipoproteins
first interact with cell membrane phospholipids form-
ing nascent pre-p-like HDL particles which then partici-
pate in promoting cholesterol efflux by mechanisms
predicted by the aqueous diffusion mechanism (1, 4,
10). The current results cannot directly rule out such a
possibility, as inhibition of phospholipid efflux by mo-
nensin or brefeldin A would result in inhibition of cho-
lesterol efflux as a secondary event. However, if phos-
pholipid association with apolipoproteins is necessary
for efficient cholesterol efflux, this model cannot ac-
count for the observation that intracellular cholesterol
efflux to HDL (particles that contain both apolipopro-
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teins and phospholipids) was also blocked by treating
cells with brefeldin A and monensin under conditions
where depletion of plasma membrane cholesterol, pre-
sumably through diffusion and desorption mecha-
nisms, was unaffected (12). Also worth noting, brefeldin
A and monensin reduced HDL-mediated cholesterol
and phospholipid efflux to levels comparable to those
obtained by apolipoprotein-depleted acceptors sug-
gesting that, in addition to brefeldin A and monensin
sensitive efflux, HDL also promotes efflux by apolipo-
protein-independent mechanisms insensitive to those
drugs. This observation may also explain why inhibition
of apoA-I-mediated efflux was always of greater magni-
tude than for HDL as A-I cannot participate in apolipo-
protein-independent efflux, and further implies that
the majority of apolipoprotein-mediated lipid efflux de-
pends on a brefeldin A- and monensin-sensitive path-
way. Therefore, the prediction that apolipoprotein and
phospholipid complexes must be present to promote
cholesterol efflux is not supported by these data.

In the present study we have shown that efflux of cho-
lesterol, phosphatidylcholine, and sphingomyelin from
cholesterol-loaded fibroblasts to purified apoA-I, but
not apolipoprotein-depleted acceptors, occurs by a bref-
eldin A- and monensin-sensitive mechanism. These ob-
servations are consistent with a role for the Golgi appa-
ratus in mediating transport of lipids from intracellular
sites of accumulation and storage to sites available for
efflux by apolipoprotein-dependent events. Further elu-
cidation of the mechanisms that promote intracellular
lipid transport are needed to establish the contribution
of various pathways and molecular events active in rid-
ding cells of excess cholesterol. B
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