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Abstract ATP binding cassette transporter G1 (ABCGI)
mediates the transport of cellular cholesterol to HDL, and
it plays a key role in maintaining macrophage cholesterol
homeostasis. During inflammation, HDL undergoes sub-
stantial remodeling, acquiring lipid changes and serum amy-
loid A (SAA) as a major apolipoprotein. In the current study,
we investigated whether remodeling of HDL that occurs
during acute inflammation impacts ABCG1l-dependent ef-
flux. Our data indicate that lipid free SAA acts similarly to
apolipoprotein A-I (apoA-I) in mediating sequential efflux
from ABCAl and ABCG1. Compared with normal mouse
HDL, acute phase (AP) mouse HDL containing SAA exhibited
amodest but significant 17% increase in ABCG1-dependent
efflux. Interestingly, AP HDL isolated from mice lacking
SAA (SAAKO mice) was even more effective in promoting
ABCGlI efflux. Hydrolysis with Group IIA secretory phospho-
lipase Ay (SPLA,-IIA) significantly reduced the ability of AP
HDL from SAAKO mice to serve as a substrate for ABCG1-
mediated cholesterol transfer, indicating that phospholipid
(PL) enrichment, and not the presence of SAA, is responsi-
ble for alterations in efflux. AP human HDL, which is not
PL-enriched, was somewhat less effective in mediating
ABCG]l-dependent efflux compared with normal human
HDL.HE Our data indicate that inflammatory remodeling of
HDL impacts ABCGl-dependent efflux independent of
SAA.—de Beer, M. C., A. Ji, A. Jahangiri, A. M. Vaughan,
F. C. de Beer, D. R. van der Westhuyzen, and N. R. Webb.
ATP binding cassette G1-dependent cholesterol efflux dur-
ing inflammation. J. Lipid Res. 2011. 52: 345-353.
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Macrophages possess a number of mechanisms to regu-
late the balance between cholesterol uptake/synthesis and
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export. Of major importance are transport mechanisms
that promote the efflux of excess cholesterol to extracel-
lular acceptors, i.e., macrophage reverse cholesterol trans-
port (RCT). The removal of excess cholesterol is critical in
the vessel wall, where macrophage uptake of lipoprotein-
derived lipid can lead to a pathological cholesterol load in
the absence of sufficient removal systems. On the basis
of studies in mice, two members of the ATP binding cas-
sette (ABC) superfamily of transmembrane transporters,
ABCAI and ABCGI, play critical roles in preventing cho-
lesterol accumulation in macrophages. In mice, combined
deficiency of ABCA1 and ABCG1 in macrophages leads to
impaired cellular cholesterol efflux in vitro and a massive
increase in macrophage lipid accumulation in vivo (1-3).
However, the role of ABCGI1 in cholesterol efflux in human
monocyte-derived macrophages has recently been ques-
tioned (4). Accumulating evidence suggests that ABCA1
and ABCGI1 act through distinct, yet synergistic, mecha-
nisms to promote macrophage RCT. Whereas lipid-poor
apolipoproteins serve as extracellular acceptors for ABCA1-
mediated phospholipid (PL) and cholesterol efflux,
ABCGI appears to promote efflux by redistributing intra-
cellular cholesterol to plasma membrane domains accessi-
ble for removal by HDL, but not lipid-poor apolipoprotein
Al (apoA-I) (5). ABCAI and ABCG1 may act sequentially
to mediate efflux, such that nascent HDL generated
through the lipidation of lipid-poor/free apoA-I by ABCA1
in turn serves as a substrate for cellular cholesterol export
through ABCG1 (6, 7). Studies to measure macrophage

Abbreviations: ABC, ATP binding cassette transporter; AP, acute
phase; apoA-I, apolipoprotein A-I; BHK, baby hamster kidney; GGE,
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phospholipid; PMA, phorbol 12-myristate 13-acetate; RCT, reverse cho-
lesterol transport; SAA, serum amyloid A; SAAKO, mice with targeted
deletion of SAAL.1 and SAA2.1; sSPLAG-IIA, Group IIA secretory phos-
pholipase Ay; WT, wild-type.
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RCT in vivo confirm that ABCA1 and ABCG1 have an ad-
ditive effect on macrophage RCT in mice (8).

An important issue to be addressed is how the coopera-
tive interaction between ABCA1 and ABCGI functions
during acute inflammation. In this condition, serum amy-
loid A (SAA) is a major acute phase (AP) protein highly
induced in the liver (9). SAA is also induced by inflamma-
tory stimuli in peripheral cells expressing ABCAl and
ABCGI, such as macrophages and adipocytes (9). Plasma
SAA concentrations can increase up to 1000-fold during
an AP response, with peak concentrations exceeding 1
mg/ml. Approximately 95% of AP SAA in the plasma is
found associated with HDL, where it composes the major
apolipoprotein (10). In addition, inflammatory HDL un-
dergoes significant changes in lipid composition, with tri-
glycerides tending to increase (11). Further, during
inflammation there is concomitant induction (~100-fold)
of Group IIA secretory phospholipase Ay (sPLAoIIA) in
the liver, which leads to selective hydrolysis of HDL PL
that alters the particle’s structure and promotes its catabo-
lism (12, 13).

Lipid-poor SAA has been shown to promote ABCAI-
dependent cholesterol efflux similar to apoA-I (14-17). In
this study, we investigated the extent to which SAA and AP
HDL promote ABCGIl-dependent efflux. Our data show
that SAA acts analogously to apoA-I in effecting sequential
efflux from ABCA1 and ABCGI. With respect to composi-
tional changes in HDL that occur during inflammation,
alterations in PL content and not the presence of SAA im-
pact the ability of AP HDL to promote ABCG1-dependent
efflux.

MATERIALS AND METHODS

Human subjects

Blood was collected from healthy volunteers for isolation of
normal (N) HDL and from patients undergoing cardiac surgery
using a membrane oxygenator (coronary artery bypass, valve re-
placement), 24 h post-operatively for isolation of AP HDL. Blood
was collected only from patients who underwent successful un-
complicated surgery and who gave informed consent. The study
was approved by the University of Kentucky Medical Institutional
Review Board.

Animals

C57BL/6 mice were obtained from Jackson Laboratories. Mice
lacking SAA1.1 and SAA 2.1 were generated by targeted deletion
of both mouse acute phase SAA genes SAAT and SAA2 (InGe-
nious Targeting Laboratory Inc., Stony Brook, NY) using embry-
onic stem cells derived from C57BL/6x129 SVEV mice (18). The
targeting vector contained a neo cassette that replaced ~10.1 kb
of SAAI and SAA2, including exon 2 of both oppositely orien-
tated genes. SAA null (SAAKO) mice and littermate controls
[wild-type (WT)] were maintained in a pathogen-free facility un-
der equal light-dark cycles with free access to water and food. To
elicit an AP response, 12-16 week-old mice were injected intra-
peritoneally with 6 pg lipopolysaccharide (LPS) (Escherichia coli
0111:B4, Sigma Chemical Co.) per gram of body weight. After 24
h the mice were humanely euthanized, and plasma was collected
for preparation of HDL. All procedures were carried out in ac-
cordance with PHS policy and approved by the Veterans Admin-
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istration Medical Center Institutional Animal Care and Use
Committee (Assurance number A3506-01).

Cell culture

THP-1 monocytes originally obtained from the American Type
Culture Collection were grown in RPMI supplemented with 10%
heat-inactivated FBS, 1% penicillin, 1% streptomycin, and 2 mM
glutamine. The cells were seeded into 35 mM culture wells (4 x
10° cells/well) and differentiated into macrophages by incubat-
ing them for 24 h in media supplemented with 50 ng/ml phorbol
12-myristate 13-acetate (PMA; Sigma). THP-1 macrophages were
loaded with cholesterol by incubating the cells for 48 h with
RPMI supplemented with 10% lipoprotein deficient serum, 100
pg/ml acetylated LDL, and 50 ng/ml PMA (6).

Baby hamster kidney (BHK) cells stably transfected with hu-
man ABCGI1 ¢cDNA under the control of the mifepristone-induc-
ible GeneSwitch system were grown in DMEM supplemented
with 10% FBS, 1% penicillin, 1% streptomycin, and 2 mM glu-
tamine and kept under selection with 100 pg/ml hygromycin
(Invitrogen) and 250 pg/ml Zeocin™ (Invitrogen) (5, 7). ABCG1
was induced by incubating cells in DMEM containing 0.2% fatty
acid-free BSA and 10 nM mifepristone (Invitrogen). Control cells
received no mifepristone.

Lipoproteins

Mouse HDL (d = 1.063-1.21 g/ml), human HDL (d = 1.063-
1.21 g/ml) and human LDL (d = 1.019-1.063 g/ml) were isolated
from mouse plasma (N or AP) or human plasma (N or AP) by
density gradient ultracentrifugation, dialyzed against 150 mmol/1
NaCl, 0.01% EDTA, sterile filtered, and stored under argon gas
at 4°C (10). Protein concentrations were determined by the
method of Lowry et al. (19).

Nascent HDL preparations

THP-conditioned acceptor particles (nascent HDL) were gen-
erated according to a published protocol (6). Briefly, lipid-loaded
THP-1 macrophages were incubated for 24 h in RPMI containing
0.2% fatty acid-free-BSA and either 10 pg/ml human apoA-l
(Biodesign) or 20 pg/ml SAA (corresponding to human SAAla
except for the presence of an N-terminal methionine and substi-
tution of asparagine for aspartic acid at position 60 and arginine
for histidine at position 71; Biovision). The media was harvested
and centrifuged (1500 g for three minutes) to remove detached
cells, and the concentration of nascent HDL particles was deter-
mined prior to use in efflux experiments by quantitative immu-
noblotting using purified apoA-I and SAA as standards.

Cholesterol efflux experiments

Cellular cholesterol efflux experiments in BHK cells were car-
ried out essentially as described (20). Cells (~70% confluent) in
12-well plates were labeled with 0.2 wCi/ml [SH]cholesterol (35-
50 Ci/mmol, Amersham Biosciences) in complete DMEM me-
dium for 48 h. Cells were then washed three times with PBS
containing 1 mg/ml BSA (PBS-BSA) and equilibrated overnight
in DMEM containing 0.2% fatty acid-free BSA (DMEM-BSA).
Cells were incubated overnight in media containing 10 nM mifep-
ristone to induce ABCGI expression. Control cells received no
mifepristone. Following two additional washes with PBS-BSA,
cells were incubated for 5 h at 37°C in DMEM-BSA with or with-
out HDL, hydrolyzed HDL, or lipid-free or THP-1-conditioned
apoA-I or SAA, as indicated. Following incubation, the medium
was collected and centrifuged to remove detached cells. Adher-
ent cells were washed at 4°C twice with PBS-BSA and twice with
PBS. Radioactivity in the media was measured directly in a Packard
B liquid scintillation counter. Cellular lipid was extracted with



hexane/isopropyl alcohol (3:2 v/v) for 30 min at room tem-
perature and counted for radioactivity. Efflux of cellular [ *H]
cholesterol to media was expressed as the percentage of total
radioactivity in media and cells. ABCGl-specific values were cal-
culated as the difference between the efflux values in mifepris-
tone-treated and control cells.

HDL hydrolysis

Mouse HDL (0.6-1.0 mg/ml HDL protein) was hydrolyzed by
human recombinant sPLA,-IIA in Tris-buffered saline (pH 7.4)
containing 10 mg/ml fatty-acid free BSA and 2 mM CaCls. Lipoly-
sis was terminated after 24 h incubations at 37°C by the addition
of EDTA (final concentration 20 mM). Mock hydrolyzed HDL
was generated under the same conditions but omitting sPLAy-
ITA. Hydrolysis reactions were carried out as reported in the lit-
erature (21-23) and approximated physiological conditions. The
extent of PL hydrolysis was assessed by measuring the amount of
free fatty acids released (Wako Chemicals).

Gradient gel electrophoresis and Western blots

Aliquots containing 25-50 ng lipid free apoA-I or SAA, or
apoA-I or SAA in conditioned media from THP-1 macrophages,
were separated by nondenaturing gradient gel electrophoresis
(GGE). Electrophoresis was carried out in 4-20% polyacrylamide
gels for 3.5 h at 200 V at 4°C, and the samples were then trans-
ferred to PVDF membranes (100 min at 100 V at 4°C) and im-
munoblotted using either anti-human apoA-I (Calbiochem) or
anti-human SAA (Behring, Germany) antibodies, as indicated.
Bound antibodies were detected by enhanced chemilumines-
cence (GE Healthcare, NJ). To assess the effect of PL hydrolysis
on the size distribution of mouse HDL, mock-hydrolyzed and
sPLAg-hydrolyzed HDL (1 wg HDL protein) were separated by
GGE as described above and immunoblotted using an anti-mouse
apoA-I antibody (Biodesign International).

Statistical analyses

Data are expressed as mean + SEM. After testing for normalcy
and equal variance, data was analyzed for statistical significance
as indicated in the figure legends. Significance was set at * =
<0.05; * % =<0.01; and * % * =<0.001.

RESULTS

THP-1 macrophages convert lipid-free SAA to nascent
HDL particles

Previous studies determined that lipid-poor SAA stimu-
lates ABCAl-dependent cholesterol efflux (14-17). In the
current study, we investigated whether SAA is lipidated
through the action of ABCAI to generate nascent HDL
particles in a manner analogous to ABCAl-mediated lipi-
dation of apoA-I (6). THP-1 macrophages were treated
with PMA and cholesterol loaded to upregulate ABCAl
expression, and then incubated with 10 pg/ml lipid-free
apoA-I or SAA for 24 h. The media from the cells were
subjected to nondenaturing GGE followed by immuno-
blotting to assess the extent of lipidation of the THP-1-
conditioned apoA-I and SAA (Fig. 1A, B). Lipid-free apoA-I
migrated as a predominant band below the smallest size
standard, whereas lipid-free SAA migrated as two distinct
bands on the nondenaturing gel, possibly due to its pro-
pensity to aggregate. After THP-1 conditioning, a portion
of apoA-I migrated as larger-sized particles, indicating for-
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Fig. 1. Nascent HDL particles generated by THP-1 macrophages.
Equal amounts of lipid-poor apoA-I and apoA-I incubated for 24 h
with cholesterol-loaded THP-1 macrophages were separated by
nondenaturing GGE and immunoblotted using anti-human apoA-I
(A). Equal amounts of lipid-poor SAA and SAA incubated for 24 h
with cholesterol-loaded THP-1 macrophages were separated by
nondenaturing GGE and immunoblotted using anti-human SAA
(B). Exposures to ECL reagent were chosen to optimize the visual-
ization of nascent HDL particles. apoA-I, apolipoprotein A-I; GGE,
gradient gel electrophoresis; SAA, serum amyloid A.

mation of nascent HDL. Thus, our results were analogous
to a previous report that ~15% of lipid-free apoA-I con-
verts to nascent HDL when incubated with THP-1 mac-
rophages under similar conditions (24). In contrast to
apoA-l, virtually all of the SAA migrated as larger-sized
HDL particles after incubation with THP-1 macrophages
(Fig. 1B). The size distribution of THP-1-conditioned
apoA-I and SAA was distinct.

THP-1-conditioned SAA stimulates ABCG1-mediated
cholesterol efflux

Using the ABCGl-inducible BHK in vitro model system
(5, 7), we next assessed the ability of lipid-poor and THP-
l-conditioned SAA to serve as acceptors for ABCGl-inde-
pendent and ABCGIl-dependent cholesterol efflux. Efflux
to lipid-poor and THP-1-conditioned apoA-I was measured
for comparison (Fig. 2). In BHK cells without ABCG1 in-
duction, cholesterol efflux to lipid-poor apoA-I was negli-
gible. Lipidation of apoA-I by THP-I conditioning resulted
in significantly increased ABCGl-independent efflux.
Lipid-poor SAA was more efficient than apoA-I in mediat-
ing ABCGl-independent efflux, similar to what has been
reported for untransfected Hela cells (16) and HepG2
cells (17). However, lipidation of SAA had no effect on
ABCGl-independent efflux. As expected, lipid-poor apoA-I
was not an effective acceptor for ABCGl-dependent cho-
lesterol efflux, which was defined as the difference in
efflux by BHK cells induced to express ABCG1 (Total)
and control BHK cells (ABCGl-independent) (5, 6). When
compared with lipid-poor apoA-I, ABCGl-dependent ef-
flux to THP-l-conditioned apoA-I was significantly in-
creased (6.5-fold), confirming an earlier report that THP-1
macrophages convert lipid-poor apoA-I to nascent HDLs
that are sufficiently lipidated to serve as substrates for
ABCGIl-mediated cholesterol export (6). Interestingly,
THP-1 macrophages had a similar effect on lipid-poor
SAA, such that ABCGIl-dependent efflux was 9.5-fold
higher for THP-1-modified SAA compared with lipid-poor
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Fig. 2. ABCGl-mediated cholesterol efflux to nascent HDL par-
ticles. Transfected BHK cells were labeled with [BH] cholesterol
and then induced to express ABCG1 as described in “Materials and
Methods.” Cellular cholesterol efflux stimulated by 5 h incubations
with either lipid-poor apoA-I or SAA or conditioned media from
THP-1 cells incubated with apoA-I or SAA (10 pg/ml apolipopro-
tein) was determined. ABCGl-dependent efflux represents the dif-
ference between BHK cells treated with mifepristone (Total) and
untreated cells (ABCGl-independent). Values are the mean + SEM
of triplicate determinations. Total and ABCGl-independent efflux
to lipid-poor apoA-I and SAA, or THP-1-conditioned apoA-I and
SAA data were analyzed using one way ANOVA with Tukey-adjusted
pairwise comparisons. Different lower case letters identify different
means among apoA-I groups; different capital letters identify dif-
ferent means among SAA groups (P < 0.004). In addition, the
ABCGl-dependent component was compared across groups in
posthoc tests. * % % indicates P < 0.001. Similar results were ob-
tained in two additional experiments. ABCG1, ATP binding cas-
sette transporter Gl; apoA-l, apolipoprotein A-I; BHK, baby
hamster kidney; SAA, serum amyloid A.

SAA. This enhanced ABCGIl-dependant efflux suggests
that the increased size of THP-1-conditioned SAA (Fig.
1B) is likely due to lipidation rather than extensive aggre-
gation. Taken together, our results suggest that ABCAl
and ABCGI can act sequentially to mediate cellular cho-
lesterol export to SAA.

SAA present on mouse AP HDL is not responsible for
an enhanced capacity of AP HDL to stimulate
ABCGI1-mediated efflux

During an AP response, the majority (~95%) of SAA in
plasma is associated with HDL (10). Thus, it was of interest
to determine whether SAA-containing AP HDL differed in
its ability to serve as an acceptor for ABCGl-dependent
efflux compared with N HDL. Accordingly, HDL was iso-
lated from plasma of N mice (N WT HDL) and mice 24 h
after injection with LPS (AP WT HDL). Whereas SAA was
not detectable in N WT HDL, it comprised approximately
40% of the apolipoprotein associated with AP WT HDL
(data not shown). SAA-bearing AP HDL exhibited a modest
but significant reduced capacity to elicit ABCGl-indepen-
dent cholesterol efflux compared with N WI HDL. However,
this same HDL elicited significantly more ABCGIl-depen-
dent efflux compared with N WI HDL (Fig. 3, white and
black bars).

To dissect out the role of SAA versus other modifica-
tions of AP WT HDL in mediating enhanced ABCGI-
dependent efflux, we isolated N and AP HDL from mice
lacking the two major AP SAA isoforms, SAAl.1 and
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Fig. 3. ABCGIl-mediated cholesterol efflux to N WT HDL, AP
WT HDL, and AP SAAKO HDL. Transfected BHK cells were la-
beled with [ZH] cholesterol and then induced to express ABCGI as
described in “Materials and Methods.” Cellular cholesterol efflux
stimulated by 5 h incubations with 25 pg/ml N WT HDL (white
bars), AP WT HDL (black bars), and AP SAAKO HDL (gray bars)
was measured. ABCGl-dependent efflux represents the difference
between BHK cells treated with mifepristone (Total) and untreated
cells (ABCGl-independent). The data shown are representative of
five experiments with five separate preparations of ligands, each
performed in triplicate. Total and ABCGl-independent efflux were
analyzed using one way ANOVA with Tukey-adjusted pairwise com-
parisons. Different letters correspond to different means (P< 0.001,
except aversus bwhere P<0.05). In addition, the ABCGl-dependent
component was compared across groups in posthoc tests. * % % in-
dicates P< 0.001. ABCGI, ATP binding cassette transporter G1; AP,
acute phase; BHK, baby hamster kidney; N, normal; SAAKO, mice
with targeted deletion of SAAL.1 and SAA2.1; WT, wild-type.

SAA2.1, and assessed their ability to stimulate efflux
through ABCGI. In efflux assays using five separate HDL
preparations, there was no significant difference in
ABCGI1-dependent efflux stimulated by N WT HDL (2.06
+0.13% of total label) and N SAAKO HDL (1.95 + 0.20%
of total label; data not shown). This result was not surpris-
ing, given that HDLs isolated from untreated WT and
SAAKO mice do not differ in their lipid or apolipoprotein
content (18). However, AP SAAKO HDL was even more
effective in mediating ABCGl-dependent cholesterol ef-
flux compared with AP WT HDL (Fig. 3, gray bars). In ef-
flux assays using five separate N and AP HDL preparations
from WT and SAAKO mice, incubations with SAA-contain-
ing AP WT HDL resulted in a ~17% increase in ABCG1-
dependent efflux compared with the corresponding N
HDL, whereas ABCGl-dependent efflux to AP SAAKO HDL
was increased more than 2-fold (data not shown). Thus, it
appears that the presence of SAA per se does not account for
the enhanced capacity of mouse AP HDL to serve as an ac-
ceptor for ABCGl-mediated efflux and that other modifica-
tions of HDL that occur during inflammation can significantly
influence cellular cholesterol efflux by ABCGI1.

Phospholipid depletion of HDL reduces
ABCGI1-mediated efflux

We recently reported that AP WT HDL has decreased
protein and increased PL content compared with N WT
HDL, and these differences are even more pronounced in



AP SAAKO HDL that lacks SAA (18). We therefore specu-
lated that alterations in the surface composition of N and
AP HDL may account for differences in ABCGIl-depen-
dent efflux. To investigate whether increased PL content
of AP HDL enhances its ability to accept cellular choles-
terol through ABCG1, N WT HDL (0.92 nmol PL./pg HDL
protein), AP WT HDL (0.97 nmol PL/pg HDL protein),
and AP SAAKO HDL (1.18 nmol PL/pg HDL protein)
were incubated in the presence or absence of sPLAy-ITA
and then tested for their ability to stimulate ABCGI1-
dependent efflux (Fig. 4A—C). PL hydrolysis was assessed
by measuring the release of FFA (data not shown) and was
calculated to result in approximately 30-50% loss of PL
from HDL particles. PL hydrolysis was also confirmed by
size reduction in sPLAy-treated HDLs (Fig. 4A—-C, inserts).
For each of the three HDL preparations, hydrolysis by
sPLA, significantly reduced ABCGl-mediated cellular cho-
lesterol efflux, indicating that decreasing the PL content
of HDL irrespective of the presence of SAA has a negative
effect on ABCGIl-mediated efflux.

To substantiate this finding, AP WT HDL was incubated
with increasing concentrations of SPLA4-IIA and then assessed
in ABCGl-dependent efflux assays. As expected, incubations
with increasing concentrations of SPLA4-IIA resulted in more
extensive PL hydrolysis, as assessed by the release of FFA (Fig.
5A) and the generation of progressively smaller HDLs (data
not shown). In BHK cells lacking ABCG1, PL hydrolysis did
not alter the ability of AP WI HDL to serve as an acceptor for
cholesterol efflux (Fig. 5B). However, for cells induced to ex-
press ABCG1, hydrolysis by sPLA, decreased efflux in a dose-
dependent manner, indicating that ABCGl-mediated efflux
is reduced as PL. content is decreased.

AP human HDL is not a better acceptor for
ABCG]1-dependent efflux than normal human HDL

In humans, the AP response is characterized by a marked
increase in plasma sPLA4-IIA activity that does not occur in
C57BL/6 mice due to a frame shift mutation in the mouse
SPLAS-IIA gene (25). Thus, it was of interest to determine
if AP human HDL is enriched in PL similar to AP WT HDL
and if AP human HDL is altered in its ability to serve as an
acceptor for ABCG1-mediated cholesterol efflux. For these
studies, HDL was isolated from the plasma of normal
volunteers (N hu HDL) and from patients 24 h after car-
diac surgery (AP hu HDL). Despite marked enrichment
with SAA (Fig. 6A), the protein and lipid content of AP
hu HDL was not significantly altered compared with N hu
HDL (Table 1). As previously reported, AP hu HDL
migrated as slightly larger particles compared with N hu
HDL when subjected to nondenaturing GGE (Fig. 6B).
This finding is likely due to the enrichment of the HDL
surface with SAA (10). Compared with N hu HDL, AP
hu HDL evoked a modest but significant decrease in
ABCGIl-dependent cholesterol efflux (Fig. 6C). Taken
together, our data indicate that the impact of acute in-
flammation on ABCGIl-dependent efflux to mouse and
human HDL is different and may be related to the
effect of the AP response on the PL content of the
respective HDLs.
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Fig. 4. ABCGIl-mediated cholesterol efflux to sPLAy-hydrolyzed
N WT HDL, AP WT HDL, and AP SAAKO HDL. N WT HDL (A),
AP WT HDL (B), and AP SAAKO HDL (C) were hydrolyzed over-
night in the absence or presence of sSPLAy-IIA (2 pg/mg HDL), as
indicated. Transfected BHK cells were labeled with [‘%H] choles-
terol, induced to express ABCG1, and then incubated for 5 h with
the indicated HDLs (25 pg/ml). ABCGl-mediated efflux was calcu-
lated as the difference between ABCGl-expressing cells and con-
trol cells that were not induced to express ABCGI. Values represent
the mean + SEM of triplicate determinations. Inserts: Aliquots of
mock-hydrolyzed (—) and sPLAy-hydrolyzed (+) HDL were sepa-
rated by nondenaturing GGE and immunoblotted with anti- apoA-I
to show the size reduction of hydrolyzed HDLs. Significance be-
tween mock- and sPLAy-hydrolyzed samples was determined by Stu-
dent ttest. ABCGI1, ATP binding cassette transporter G1; AP, acute
phase; BHK, baby hamster kidney; N, normal; SAAKO, mice with
targeted deletion of SAAL.1 and SAA2.1; sPLAy-IIA, Group IIA se-
cretory phospholipase Ay; WT, wild-type.

DISCUSSION

It has long been recognized that plasma HDL concen-
trations are inversely related to the risk of atherosclerotic
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cated concentration of sSPLA,-IIA. PL hydrolysis was monitored by
measuring the release of FFA (A). Transfected BHK cells were ra-
diolabeled with [3H] cholesterol and then treated with (black bars)
or without (white bars) mifepristone to induce ABCGI. Cellular
cholesterol efflux stimulated by 5 h incubations with 25 pg/ml AP
HDL hydrolyzed with the indicated amount of sSPLAy-IIA was mea-
sured; values represent the mean + SEM of triplicate determinations
(B). Significance between mock- and sPLAy-hydrolyzed samples
was determined by one way ANOVA followed by Bonferroni’s post-
test. ABCGI1, ATP binding cassette transporter G1; AP, acute phase;
BHK, baby hamster kidney; sPLAo-IIA, Group IIA secretory phos-
pholipase Ay; WT, wild-type.

cardiovascular disease. The protective effect of HDL is
largely attributed to its key role in RCT, whereby excess
cholesterol from peripheral cells is transported back to
the liver for excretion in the bile. During acute inflamma-
tion, HDL undergoes substantial changes in lipid and apo-
lipoprotein composition that could alter its ability to carry
out individual steps in the RCT pathway. In this study, we
focused on the impact of inflammation on ABCGIl-depen-
dent cellular cholesterol efflux. We utilized a well-estab-
lished in vitro system that provides inducible expression of
ABCG1 and thus allows for direct measurements of
ABCGI-dependent cellular cholesterol efflux (5, 7, 26).
We determined that, similar to apoA-I, lipid-poor SAA sup-
ports the cooperative interaction of ABCA1 and ABCGI to
produce nascent HDL. We also showed that inflammatory
remodeling of mouse HDL modestly enhances ABCGI-
dependent efflux and that the presence of SAA on inflam-
matory HDL is not required for this effect. Our data
indicate that PL enrichment of HDL, such as what occurs
during an AP response in mice, has a positive effect on
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Fig. 6. ABCGI-mediated cholesterol efflux to N and AP human
HDL. HDL (d = 1.063-1.21 g/ml) was isolated from the plasma of
normal subjects (N) or from patients 24 h post cardiac surgery
(AP). Visualization was by Coomassie staining of HDL subjected to
SDS-PAGE (A) and GGE (B). Transfected BHK cells were labeled
with [3H] cholesterol and then induced to express ABCG1 as de-
scribed in “Materials and Methods.” Cellular cholesterol efflux
stimulated by 5 h incubations with 25 pg/ml N and AP human
HDL was measured. ABCGl-mediated efflux was calculated as the
difference between ABCGIl-expressing cells and control cells that
were not induced to express ABCG1 (C). Values (mean + SEM) were
obtained from eight experiments performed with three preparations
of human N and AP HDL and are expressed relative to the corre-
sponding N hu HDL. Significance was determined by Student ttest.
ABCGI, ATP binding cassette transporter G1; AP, acute phase; BHK,
baby hamster kidney; GGE, gradient gel electrophoresis; N, normal.

ABCGl-dependent efflux. This is in agreement with an
earlier report that ABCGl-dependent efflux correlates
with the PL content of acceptor particles (6).

We showed that lipid-free SAA is highly effective in stim-
ulating ABCAl-dependent efflux, consistent with previous
reports (14-17, 27, 28). This finding is not unexpected,
given that nascent HDL generated through ABCAI1 ap-
pears to require the presence of amphophilic a-helices as
a key conformation in the acceptor polypeptide, rather
than a specific amino acid sequence (27, 28). The pre-
dicted secondary structure of human SAAI indicates two
amphophilic a-helical segments (29). Like apoA-I, lipid-
poor SAA has been shown to stabilize ABCAI protein, pro-
viding additional evidence that SAA interacts with ABCA1
in a manner similar to apoA-I (15). Based on their migra-
tion on nondenaturing gels, the interaction of ABCAIl
with lipid-poor SAA appears to generate nascent HDLs
with a size distribution that is distinctly larger com-
pared with nascent HDL generated by apoA-I (Fig. 1).
Consistent with our analysis, Abe-Dohmae et al. (14) de-
termined by size-exclusion chromatography that apoA-I-
containing nascent HDL elutes in two distinct peaks, both
of which are smaller than nascent HDL generated by SAA.



TABLE 1. Composition of human HDL

Component N AP

% %
Prot 49.5 +0.77 51.3+1.13
FC 4.4+0.24 3.9 + 0.50
CE 13.4 £ 0.90 10.8 +£0.73
TG 2.4+093 4.2+0.74
PL 30.4 + 1.54 29.8 + 1.88

HDL was isolated from blood of healthy volunteers (N) and cardiac
surgery patients 24 h post-operatively (AP). Protein (prot) concentration
was determined by the method of Lowry. Total cholesterol, free
cholesterol (FC), triglycerides (TG), and phospholipids (PL) were
determined enzymatically using commercial kits (WAKO chemicals,
Richmond, VA). Cholesterol ester (CE) was calculated as the difference
between total cholesterol and FC. Values represent the mean + SEM of
three HDL preparations.

They also identified distinct differences in the migration
of the two HDLs when separated by agarose gel electro-
phoresis, reflecting the respective isoelectric point values
of apoA-I and SAA. Thus, nascent HDLs generated by
apoA-I and SAA clearly possess different physiochemical
properties.

The majority of SAA in plasma is found associated with
HDL, predominantly in the denser HDL; subfraction (10).
The process by which SAA-containing HDL is formed dur-
ing acute inflammation is not entirely clear. One proposed
mechanism is that lipid-free SAA secreted by hepatocytes
associates with existing spherical HDL particles through a
remodeling process that may involve the displacement of
apoA-I (10, 30, 31). However, induction of an AP response
in apoA-I-deficient mice leads to the formation of large,
spherical HDL particles in which >90% of the protein is
SAA, suggesting that SAA is capable of sequestering lipid
to form HDL in the absence of apoA-I and other apolipo-
proteins (30, 31). On the other hand, adenoviral vector-
mediated expression of SAA in apoA-I-deficient mice in
the absence of inflammation results in circulating SAA
that is mostly in a lipid-poor form, suggesting that compo-
nents of the AP response are required for the biogenesis
of SAA-rich HDL in the absence of apoA-I (32). Studies in
ABCAIl-deficient mice demonstrate that the formation of
SAA-containing HDL is dependent on ABCA1 (15), con-
sistent with several reports, including the current study,
that incubating cells with exogenous SAA results in robust
cholesterol release in an ABCAl-dependent manner (14—
16). In this study, we show for the first time that nascent
HDL generated by SAA serves as an efficient substrate for
ABCGI-mediated cellular cholesterol efflux. The extent to
which ABCGI1 contributes to the biogenesis of SAA-con-
taining HDLs in vivo requires further study. What also is
not entirely clear is whether ABCGI plays a major role in
cholesterol efflux in humans. Although extensive evidence
indicates that ABCAl and ABCGI1 act in an additive man-
ner to promote RCT in mice (1-3), the importance of this
interaction in humans is likely more complex and less
well studied. LXR-stimulated cholesterol efflux in human
cholesterol-loaded macrophages (THP-1 cells or periph-
eral blood monocytes) was reported to be independent of
ABCGI1 (4). Others, however, have shown that in type 11

diabetic patients, reduced expression of ABCGI is associ-
ated with increased cholesterol accumulation in mac-
rophages (33). The precise relevance of the interaction
between ABCA1 and ABCGI in humans merits further in-
vestigation given the known species differences in the reg-
ulation of key genes involved in cholesterol homeostasis
(34-36).

The impact of acute inflammation on macrophage RCT
in vivo has been investigated in mice (37, 38). For these
studies, 3H-cholesterol-labeledJ774 macrophages or primary
mouse macrophages were administered into the perito-
neal cavity of normal and LPS-injected mice, and the
movement of *H-cholesterol from these cells into plasma,
liver, and feces was monitored. The results of both studies
indicated that acute inflammation impairs macrophage-
to-feces RCT. A likely contributing factor to this reduction
in RCT was decreased hepatic expression of ABCG) and
ABCGS, major transport proteins mediating biliary choles-
terol secretion (37, 38). Whether SAA per se contributes
to decreased RCT during the AP response was addressed
by Annema et al. (37), who determined that adenovirus
overexpression of mouse SAA (but not human SAA) results
in a significant reduction in fecal excretion of the mac-
rophage-derived "H-cholesterol tracer. However, there was
no evidence that the rate of movement of *H-cholesterol
from macrophages to the plasma or the liver was impaired
as a result of SAA overexpression. Taken together, in vivo
studies suggest that the integrated effect of inflammation
is to retard macrophage-to-feces RCT, although the impact
of individual components of the AP response on specific
steps in the RCT pathway has not been completely delin-
eated. Our data indicate that reduced macrophage-to-feces
RCT during acute inflammation in mice is not likely due
to a detrimental effect on ABCGl-dependent efflux.

Studies focusing on the ability of AP-HDL to promote
macrophage cholesterol efflux in vitro have been carried
out. In one study, N and AP human HDL promoted cho-
lesterol efflux from THP-1 cells in a similar manner, but
enrichment of the N HDL with SAA ex vivo reduced cel-
lular cholesterol efflux by 30% (39). McGillicuddy et al.
(38) reported that inflammatory remodeling of mouse
HDL impairs its capacity to serve as an acceptor for mac-
rophage cholesterol efflux. They also reported that HDL
isolated from humans subjected to experimental endotox-
emia was less effective in stimulating cholesterol efflux
from cholesterol-loaded J774 macrophages compared with
normal human HDL. Similarly, Annema et al. (37) con-
cluded that efflux from cholesterol-loaded THP-1 mac-
rophages to plasma or HDL isolated from sepsis patients
was markedly reduced compared with healthy controls.
On the other hand, on the basis of their studies in J774
macrophages, Kisilevsky et al. concluded that SAA on AP
HDL promotes macrophage efflux by mobilizing intracel-
lular cholesterol stores, thereby facilitating its transport
out of cells (40).Thus, available data regarding the effect
of inflammatory remodeling and/or SAA enrichment of
HDL on macrophage cholesterol efflux is somewhat con-
flicting and likely influenced by the cell system utilized
and the source of the HDL ligand. To date, the impact of
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inflammation on ABCGl-dependent efflux has not been
specifically addressed.

In the current study, we determined that inflammatory
remodeling of mouse HDL, particularly PL enrichment,
had an enhancing effect on ABCGI efflux that was more
pronounced in mice lacking SAA (Fig. 3). In humans, in-
flammatory remodeling of HDL appeared to negatively
impact efflux through ABCGI, as HDL isolated from pa-
tients undergoing an AP response due to cardiac surgery
was modestly deficient in its ability to stimulate ABCGI-
dependent efflux compared with HDL from healthy
controls (Fig. 6). We recently reported that acute inflamma-
tion in WT mice results in a modest increase in HDL PL
content, and AP HDL from SAA DKO mice is even more
PL-enriched (18). In contrast, compositional analyses in-
dicated that the AP response in humans is not associated
with PL enrichment of HDL (Table 1), possibly due to the
induction of sPLAy-IIA that occurs during the AP response
in humans but not C57BL/6 mice. Thus, our data suggests
that increasing the PL content of HDL has a positive effect
on ABCGIl-dependent efflux. This conclusion is substanti-
ated by our finding that sPLAy-IIA hydrolysis of normal
and AP mouse HDL significantly decreased efflux through
ABCGI (Figs. 4 and 5). However, the difference in ABCG1-
dependent efflux between normal and AP HDLs may not
be entirely attributable to differences in PL content. For
example, sPLA, hydrolysis of AP WT HDL resulted in a
31% decrease in PL content, and this was associated with a
30% decrease in efflux (Fig. 4B). A similar 33% difference
in ABCGl-dependent efflux was observed between N WT
HDL and AP WT HDL (Fig. 3), despite only a 5% differ-
ence in PL content between these two HDLs. Studies to
compare macrophage RCT in WT and human sPLAy-TIA
transgenic mice have demonstrated a decreased rate of ap-
pearance of *H-cholesterol in plasma of transgenic mice,
indicating that sPLA, may decrease macrophage choles-
terol efflux during inflammation (37). These results ap-
pear to contradict the work of Sankaranarayanan et al.
(26), who reported that HDL; incubated with multilamel-
lar vesicles to enrich the particles with PL were not altered
in their ability to serve as substrates for ABCGl-dependent
efflux. The reason for the discrepant results is not clear. It
is possible that enriching HDL with PL ex vivo generates a
particle whose structure is not equivalent to HDLs that are
remodeled during acute inflammation in vivo.

In summary, our data indicate that the extensive remod-
eling of HDL that occurs during acute inflammation has
modest effects on ABCGIl-dependent efflux. Interestingly,
inflammatory remodeling of mouse HDL increases ABCGI-
dependent efflux, whereas efflux stimulated by human
HDL appears to decrease during inflammation. We provide
evidence that this differential effect is likely due to differ-
ences in the PL content of AP HDL from the respective
species. The presence of SAA on AP HDL does not appear
to alter the capacity of the particle to serve as a substrate
for ABCG1. The capacity of lipid-poor SAA to promote se-
quential efflux from ABCAI and ABCGI may be impor-
tant for cholesterol flux out of atherosclerotic lesions,
where each of these three factors is present.li
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