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Abstract Two ATP-binding cassette transporter proteins,
ABCA1 and ABCG1, may mediate an active efflux of cellu-
lar cholesterol and phospholipids. They are ubiquitously ex-
pressed and are subject to regulation by cholesterol loading
or by treatment with agents that activate the nuclear hor-
mone receptor LXR. Earlier studies in both primates and
non-primates reported that treatment with endotoxin (bac-
terial lipopolysaccharide, LPS) reduces plasma levels of
HDL cholesterol. To determine if such HDL reduction cor-
relates with a change in ABCA1 or ABCG1 expression, their
expressions were measured in THP-1 monocytes and mice
treated with LPS. LPS treatment leads to a rapid, dose-
dependent increase of ABCA1 but not ABCG1 mRNA ex-
pression. Analysis of mouse livers showed that LPS treat-
ment decreases expression of CYP7A, another target gene
of LXR. When THP-1 cells were transfected with the
ABCA1 promoter construct (

 

�

 

928 to 

 

�

 

101 bp), promoter
activity was significantly increased by treatment of 22(

 

R

 

)-
hydroxycholesterol but not by LPS. Together, these studies
show that LPS regulates ABCA1 expression through an
LXR-independent mechanism. Further studies showed that
treatment with 

 

Rhodobacter sphaeroiders

 

 LPS, an LPS antago-
nist, or PD169316, a specific p38 MAP kinase inhibitor, pre-
vented the induction of ABCA1 by LPS.  Therefore, this
suggests that both transport of LPS from the plasma mem-
brane to an intracellular site and activation of p38 MAP kinase

 

are involved in the LPS-mediated induction of ABCA1.

 

—Kap-
lan, R., X. Gan, J. G. Menke, S. D Wright, and T-Q. Cai.
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The risk of coronary heart disease is inversely corre-
lated with the plasma concentration of HDL cholesterol
(HDL-C) (1–2). A major mechanism postulated to con-
tribute to the anti-atherosclerosis effect of high plasma
HDL is reverse cholesterol transport. In this process, HDL
facilitates the transfer of cholesterol from peripheral cells
to the liver for biliary excretion (3). Our understanding of
the mechanisms that regulate HDL-C has received a major
advance with the elucidation of the cause of Tangier dis-

 

ease (TD). Patients with TD are characterized by near or
complete absence of circulating HDL and by the accumu-
lation of cholesteryl esters in many peripheral tissues (4–
5). Three groups have now independently identified the
ATP-binding cassette transporter 1 (ABCA1) as the defec-
tive gene responsible for TD (6–8).

ABCA1 is a member of the ATP-binding cassette super-
family. These proteins couple the energy provided by ATP
hydrolysis to the transport of a wide variety of molecules
across membranes (9–12). ABCA1 is thought to mediate
the active efflux of cholesterol and phospholipids to apo-
lipoprotein (apo) acceptors, most importantly apoA-I, the
major apo of HDL (13-14). Due to mutations, however,
the function of ABCA1 in patients with TD is impaired.
Therefore, cellular cholesterol efflux in TD patients is de-
fective, which leads to accumulation of excess cellular
cholesterol and defective formation of HDL (15–17).

In addition to ABCA1, another member of the ABC
transporter superfamily, ABCG1, was recently shown to
also be capable of mediating an active efflux of choles-
terol and phospholipids in macrophages (18). In fact,
these two genes appear to share some other similarities.
For example, ABCA1 and ABCG1 are both ubiquitously
expressed and are subject to regulation by cholesterol
loading and by treatment with agents that activate the nu-
clear hormone receptor LXR (18–21). Therefore, under-
standing the means of ABCA1 and ABCG1 regulation is a
critical step toward a better understanding of their role in
lipid metabolism.

Numerous earlier studies in both primates and non-
primates have reported that administration of bacterial
LPS (endotoxin) decreases plasma levels of HDL-C (22).
A number of possibilities have been postulated as mecha-
nisms that underline the reduction of HDL upon LPS
treatment, including the reduction of apoA-I, apoE, LCAT,

 

Abbreviations: ABCA1, ATP-binding cassette transporter 1; LPS,
bacterial lipopolysaccharide; MMP-9, matrix metalloproteinase 9; OH
Ch, hydroxycholesterol.
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hepatic lipase, or cholesteryl ester transfer protein (CETP)
(22). Recently, Beigneux et al. (23) reported that treat-
ment of hamsters with LPS resulted in a reduction of
mRNA expression of several nuclear receptors, including
RXR and LXR, in liver. We thus hypothesized that treat-
ment of LPS may reduce the expression of ABCA1. Surpris-
ingly, we found that treatment of cells or mice with LPS re-
sulted in a significant increase of ABCA1 but not ABCG1
mRNA expression. Furthermore, we found that LPS regu-
lates ABCA1 expression through an LXR-independent
mechanism.

MATERIALS AND METHODS

 

Cell culture

 

THP-1 cells, a human monocytic leukemia cell line, HepG2
cells, a human hepatocellular carcinoma cell line, and CaCO-2
cells, a human intestinal epithelial cell line, were obtained from
the American Type Culture Collection (Rockville, MD). Cells
were maintained in their respective media (THP-1 cells: RPM1
1640 with 10% heat inactivated FCS, 50 U/ml penicillin G, 50

 

�

 

g/ml streptomycin sulfate; HepG2 cells: MEM with 10% heat
inactivated FCS, non-essential amino acids, sodium pyruvate;
CaCO-2 cells: OPTI-MEM with 10% heat inactivated FCS, non-
essential amino acids, vitamins) in an atmosphere containing 5%
CO

 

2

 

 and 95% air. Before assay, cultured cells were harvested and
washed once with PBS, and then resuspended in the assay me-
dium (same as that of complete medium but with only 0.5% of
FCS). All reagents used in the experiments were diluted in the
same assay medium. LPS from 

 

Salmonella minnesota

 

 R595 (LPS)
and LPS from 

 

Rhodobacter sphaeroides

 

 (Rs-LPS) were purchased
from List Biological Laboratories (Campbell, CA).

 

RNA isolation

 

Total RNA was extracted from the cultured cells using TRI-
ZOL reagent according to the protocol provided by the manu-
facturer (Life Technologies, Grand Island, NY). The RNA was
treated with DNase (Ambion Inc., Austin, TX) before analysis by
real-time quantitative RT-PCR.

 

Primers and fluorogenic probes

 

Oligonucleotide primers and TaqMan probes were designed
using Primer Express software (Applied Biosystems) and were
synthesized by Applied Biosystems. Sequences of probes and
primers were listed in 

 

Table 1

 

. Primers and probes for GAPDH
were purchased from Applied Biosystems.

 

Real-time quantitative PCR

 

Real-time quantitative TaqMan PCR analysis was used to deter-
mine the relative levels of ABCA1, ABCG1, CYP7A, and MMP-9
mRNA. RT-PCR and TaqMan PCR reactions were performed ac-
cording to the manufacturer’s instructions (PE Biosystems, Taq-
Man Gold RT-PCR protocol and TaqMan Universal PCR Master
Mix). Sequence-specific amplification was detected with an in-
creased fluorescent signal of FAM (reporter dye) during the am-
plification cycle. Amplification of the human GAPDH gene was
performed in the same reaction on all samples tested as an inter-
nal control for variations in RNA amounts. Levels of the different
mRNAs were subsequently normalized to GAPDH mRNA levels,
and were presented as fold difference of treated cells against un-
treated cells.

 

Plasmid construction and mutagenesis

 

A firefly luciferase reporter construct was generated with nu-
cleotides –928 to 

 

�

 

101 of human ABCA1 (20). Human genomic
DNA (Clontech, Palo Alto, CA) was PCR-amplified with ABCA1
specific primers containing a 

 

Bgl

 

II restriction site on the 5

 

�

 

 end
of the forward primer (Dexter-3F GATCGATCAGATCTTAAGT-
TGGAGGTCTGGAGTG) and a 

 

Hind

 

III restriction site on the 5

 

�

 

end of the reverse primer (Dexter-3R GATCGATCAAGCTT-
GCTCTGTTGGTGCGCGGA). This fragment was cloned into
the 

 

Bgl

 

II-

 

Hind

 

III site of pGL3 Basic vector (Promega Inc., Madi-
son, WI) and confirmed by sequencing (ACGT Inc., Northbrook,
IL) to create the ABCA1-Luc construct.

A similar construct with a mutation of the DR4 element of the
ABCA1 promoter (DR4Mut1-Luc) (20, 24) was created by site di-
rected mutagenesis of the 5

 

�

 

 half-site of the ABCA1-Luc DR4 ele-
ment. The mutagenesis was performed using the GeneEditor sys-
tem (Promega Inc.) and mutagenic oligonucleotides according
to the manufacturer’s instructions. The mutagenic oligonucle-
otide, Mut-1, was designed to introduce a 

 

Pst

 

I site into the 5

 

�

 

half-site of the ABCA1 DR4 element as described (24). A restric-
tion digestion with 

 

Pst

 

I (Life Technologies Inc., Bethesda, MD)
was used to screen for mutants and the full length sequence was
confirmed (ACGT Inc.) to lack any additional mutations in the
ABCA1 sequence.

 

DNA transfection and reporter gene assays

 

Transfections were performed in 24-well plates with FuGENE
6 reagent according to the manufacturer’s instructions (Roche
Diagnostics Corp., Indianapolis, IN). THP-1 cells were main-
tained in complete RPMI containing 10% heat inactivated FCS,
50 U/ml penicillin G and 50 

 

�

 

g/ml streptomycin sulfate. Imme-
diately prior to transfection, the complete media was replaced by
serum and antibiotic free media to a concentration of 5 

 

�

 

 10

 

5

 

TABLE 1. Sequences of primers and probes for real-time quantitative PCR

 

Gene Species Forward Primer (5

 

�

 

 to 3

 

�

 

) Reverse Primer (5

 

�

 

 to 3

 

�

 

) Probe (5

 

�

 

 to 3

 

�

 

)

 

ABCA1 Human

 

TGTCCAGTCCAGTAA
TGGTTCTGT

AAGCGAGATATGGTC
CGGATT

ACACCTGGAGAGAAGCTT
TCAACGAGACTAACC

 

ABCG1 Human

 

TGCAATCTTGTGCCA
TATTTGA

CCAGCCGACTGTTCT
GATCA

TACCACAACCCAGCA
GATTTTGTCATGGA

 

MMP-9 Human

 

CTGAGAACCAATCTC
ACCGACA

AGAGATTTCGACTCT
CCACGCA

AACCATAGCGGTACAGGT
ATTCCTCTGCCAG

 

ABCA1 Mouse

 

AGTGATAATCAAAGT
CAAAGGCACAC

AGCAACTTGGCACTA
GTAACTCTG

TTCCCGGTGACACAT
CCATTGCTG

 

ABCG1 Mouse

 

TTCATCGTCCTGGGC
ATCTT

CGGATTTTGTATCTG
AGGACGAA

ATCTCCCTGCGGCTC
ATCGCCT

 

CYP7A Mouse

 

CAAAACCTCCAATCT
GTCATGAGA

GCGTTAGATATCCGG
CTTCAAA

AGGGATGTATGCCTT
CTGCTACCGAGTGAT
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cells/ml and 500 

 

�

 

l were added per well of 24-well plates. The
constructs, ABCA1-Luc or DR4Mut1-Luc, were co-transfected
with pSV-

 

�

 

-Galactosidase (Promega Inc.) in the concentrations
recommended by the manufacturer to maintain a FuGENE to
DNA ratio of 3:1. Five hours after transfection, cell treatments
with compound were initiated, and treatments were stopped at
48 h from the beginning of transfection. Cells were harvested us-
ing Reporter Lysis Buffer and assayed for 

 

�

 

-galactosidase and lu-
ciferase activities with assay systems purchased from Promega. All
transfections were performed in triplicate.

 

Immunoblot analysis

 

Protein extracts were prepared from THP-1 cells (2 

 

�

 

 10

 

6

 

cells). Samples (20 

 

�

 

g each) were subjected to SDS-PAGE, and
electrophoretically separated proteins were transferred to nitro-
cellulose membrane. Membranes were blocked in PBS buffer
containing 10% dry milk, and probed with a rabbit anti-human
ABCA1 antibody (kindly provided by Dr. Mason W. Freeman)
(25). Bound antibody was detected with an anti-rabbit IgG-horse-
radish peroxidase antibody and enhanced chemiluminescence
plus (Pierce).

 

Animal procedures

 

C57BL/6N mice were purchased from Taconic (Germantown,
NY). These animals were maintained in normal light cycle and
were provided with normal chow diet and water. Mice were in-
jected intraperitoneally with either bacterial LPS (at the indi-
cated doses in 0.5 ml of 0.9% saline) or saline alone. Five hours
after LPS administration, the mice were euthanized. Liver sam-
ples were collected for RNA analyses. All procedures were ap-
proved by the Institutional Animal Care and Research Advisory
Committee at Merck.

 

RESULTS

 

Bacterial LPS induces expression of ABCA1
but not ABCG1

 

To ask if bacterial LPS would influence the expression
of ABCA1, THP-1 monocytes were treated with LPS, and
ABCA1 mRNA levels were determined. THP-1 cells ex-
pressed readily detectable levels of ABCA1 mRNA. Taq-
Man PCR analysis of ABCA1 mRNA yielded an average Ct
of 25.4 

 

�

 

 1.5 (n 

 

�

 

 18). The Ct is the cycle number at
which amplification becomes logarithmic. Each Ct unit in-
crease represents a 2-fold increase in mRNA expression.
We found that treatment of THP-1 cells with LPS resulted
in a marked increase of ABCA1 mRNA (

 

Fig. 1A

 

) and pro-
tein levels (Fig. 1B). Overnight incubation of THP-1 cells
with 1 

 

�

 

g/ml of LPS resulted in a greater than 6-fold in-
duction of ABCA1 mRNA. Additional studies showed that
induction of ABCA1 mRNA was dependent on both con-
centration (

 

Fig. 2A

 

) and duration of LPS treatments (Fig.
2B). A similar concentration- and time-dependent induc-
tion of ABCA1 by LPS was also observed in cultured
HepG2 cells (data not shown).

ABCG1, another member of the ABC transporter super-
family, was recently shown to also be capable of mediating
an active efflux of cholesterol and phospholipids (18).

Fig. 1.  Bacterial lipopolysaccharide (LPS) induces expression of
ABCA1 mRNA and protein levels in THP-1 cells. THP-1 cells (5 �
105 cells/well) were plated in 6-well plates, and mixed with buffer,
LPS (1 �g/ml), or 22(R)-hydroxycholesterol (5 �M). After �24 h
(for protein) or �16 h (for RNA extracts) of incubation at 37	C,
protein or RNA extracts were prepared from the cultured cells.
A: mRNAs for ABCA1 and ABCG1 were measured via TaqMan PCR
analysis as described in Materials and Methods. Results are de-
scribed as fold of control (untreated cells), and data are shown as
the means of duplicate determinations. B: ABCA1 proteins were de-
tected via immunoblot with antibodies specific to human ABCA1 as
described.

Fig. 2. Time and concentration-dependent induction of ABCA1
expression by LPS. THP-1 cells (5 � 105 cells/well) were plated in
6-well plates, and mixed with increasing concentrations of LPS (A)
or buffer (B) or 1 �g/ml of LPS. Following different times of incu-
bation at 37	C, RNA samples were prepared from the cultured cells,
and ABCG1 and/or ABCA1 mRNA were measured as described in
Materials and Methods. A: Relative mRNA expressions of ABCA1
versus ABCG1 following �16 h of stimulation with indicated con-
centrations of LPS. B: Expression of ABCA1 mRNA following indi-
cated times of stimulation with 1 �g/ml of LPS. Results are de-
scribed as fold of control (untreated cells done in parallel with each
time point), and data are shown as the means of duplicate determi-
nations.
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ABCA1 and ABCG1 appear to share a similar mechanism
of regulation, since they were both upregulated upon
treatment with LXR agonists (18–21). We thus decided to
make a parallel measurement of ABCG1 mRNA. Similar
to that of ABCA1, THP-1 cells also expressed readily de-
tectable levels of ABCG1 mRNA. TaqMan PCR analysis of
ABCG1 mRNA yielded an average Ct of 31.2 

 

�

 

 2.3 (n 

 

�

 

18), indicating that basal levels of ABCG1 expression were
significantly lower than that of ABCA1 expression. To our
great surprise, we found treatment of LPS failed to signifi-
cantly increase the expression of ABCG1 (Fig. 1A, and
2A), suggesting that mechanism of ABCA1 and ABCG1
regulation could potentially be different.

 

Regulation of ABCA1 and ABCG1 mRNA
expression by LXR ligands

 

Expression of ABCA1 and ABCG1 are both upregulated
by the treatment of agents that activate LXR (18–20). Prior
studies, however, often measure the expression of these
two genes under separate conditions. We decided to mea-
sure changes of ABCA1 and ABCG1 expression in parallel
upon treatment of LXR agonists as we did for the afore-
mentioned treatment of LPS. Consistent with prior re-
ports (18–20), treatment of THP-1 or HepG2 cells with
agents that activate LXR, including 22(

 

R

 

)- and 25-hydroxy-
cholesterol, resulted in a marked increase of ABCA1 and
ABCG1 mRNA (

 

Fig. 3

 

). In contrast, addition of 22(

 

S

 

)-
hydroxycholesterol, which does not activate LXR, failed to

significantly change the expression of ABCA1 or ABCG1.
Interestingly, the degree of ABCG1 induction appears al-
ways to be larger than that of ABCA1. For example, treat-
ment of THP-1 cells with 22(

 

R

 

)-hydroxycholesterol in-
creases ABCA1 mRNA expression by 12-fold, but it
increases ABCG1 by 25-fold (Fig. 3A). Similar induction
patterns were observed in a cultured hepatocyte cell line,
HepG2 cells (Fig. 3B), and an intestinal epithelial cell
line, CaCO-2 cells (data not shown).

 

Administration of LPS increases ABCA1
but decreases CYP7A expression in mice

 

To ask if induction of ABCA1 by LPS would also occur
in vivo, we injected mice with various amount of LPS. Five
hours after LPS challenge, mice were euthanized, and
mRNA levels of ABCA1 in the liver were analyzed. As
shown in 

 

Fig. 4A

 

, LPS treatment resulted in a dose-depen-
dent increase of ABCA1 mRNA in mice. For example, ad-
ministration of LPS at 250 

 

�

 

g/mouse produced an over
3-fold induction of ABCA1 mRNA (

 

P

 

 

 




 

 0.01, n 

 

�

 

 5). Sim-
ilar to that of THP-1 cells, no significant increase of
ABCG1 mRNA was observed in LPS treated mice. In fact,
at higher doses, a trend of decreased levels of ABCG1 was
detected.

Fig. 3. Induction of ABCA1 and ABCG1 expression by LXR ago-
nist. THP-1 cells (A) or HepG2 cells (B) were plated in 6-well plates
(5 � 105 cells/well), and mixed with 22(R)-, 22(S)-, or 25-hydroxy-
cholesterol (5 �M each). After overnight incubation (�16 h) at
37	C, RNA samples were prepared from the cultured cells, and
mRNAs for ABCA1 and ABCG1 were measured as described in Ma-
terials and Methods.

Fig. 4. In vivo effect of LPS on the expression of ABCA1, ABCG1,
and CYP7A. Mice were intraperitoneally injected with varying doses
of LPS. After 5 h, mice were euthanized and liver samples were col-
lected. RNAs were prepared from the liver samples and mRNAs for
ABCA1 and ABCG1(A), and CYP7A (B) were measured as de-
scribed in Materials and Methods. Results are described as fold of
control mice (treated with saline), and data are shown as the means �
SE of each group (n � 5). The * and ** indicate statistical signifi-
cance of the treated samples versus controls at P 
 0.05 and 0.01,
respectively.
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Earlier studies have demonstrated that as with ABCA1,
the mouse CYP7A gene, (critical for bile acid biosynthe-
sis) also contains an LXR response element in its pro-
moter region (26). Therefore, activation of LXR would in-
crease the expression of ABCA1 and CYP7A in mouse. To
ask if LPS-mediated induction of ABCA1 requires an acti-
vation of LXR, we made a parallel measurement of
ABCA1 and CYP7A in these mice treated with LPS. We
found that in complete opposition to that of ABCA1, ad-
ministration of LPS resulted in a dose-dependent reduc-
tion of CYP7A (Fig. 4B). These data further support an
LXR-independent regulation of ABCA1 by LPS.

 

LPS fails to increase promoter activity of ABCA1

 

To further verify if LPS-mediated induction of ABCA1
expression involves activation of LXR, we prepared a hu-
man ABCA1 promoter-luciferase construct (

 

�

 

928 to 

 

�

 

101
bp), and transfected it into THP-1 cells. Consistent with
earlier reports (20, 24), addition of 22(

 

R

 

)-hydroxycholes-
terol significantly increased promoter activity of ABCA1
(

 

Fig. 5

 

). Deletion of the DR4 element from the pro-
moter of ABCA1 completely eliminates the inducible ac-
tivity of 22(

 

R)-hydroxycholesterol, thus confirming an
LXR-dependent regulation of ABCA1 transcription by
22(R)-hydroxycholesterol (data not shown). Using this
identical assay system, we next studied a role of LPS on
promoter activities of ABCA1. We found that addition of
LPS fails to mediate a significant change of the ABCA1
promoter activity (Fig. 5), though parallel mRNA analysis
showed a strong induction of ABCA1 (data not shown).
These data further strengthen our conclusion that LPS-
mediated induction of ABCA1 must be LXR-independent.

Role of LPS uptake and intracellular transport
in LPS-mediated induction of ABCA1

To ask if induction of ABCA1 mRNA requires an uptake
of LPS, we tested the role of CD14, a membrane protein

necessary for cellular binding and response to LPS (27),
and found that coincubation of LPS with monoclonal an-
tibodies against CD14 significantly reduced LPS-mediated
induction of ABCA1 mRNA (data not shown). To ask if
binding of LPS would be sufficient to mediate an ABCA1
mRNA induction, we studied ABCA1 expression upon
treatment of Rhodobacter sphaeroiders LPS (Rs-LPS). Unlike
that of active LPS, cells may bind to Rs-LPS, but are un-
able to transport it from plasma membrane to an intracel-
lular site (28). Thus, Rs-LPS is unable to mediate a pro-in-
flammatory response, and may be used as an antagonist of
LPS (29, 30). Consistant with previous studies (31), we
found that treatment of cells with LPS but not with Rs-LPS
led to a strong induction of matrix metalloproteinase 9
(MMP-9), a well-defined proinflammatory gene (data not
shown). Parallel analysis of ABCA1 mRNA revealed an es-
sentially identical response pattern (Fig. 6). ABCA1 mRNA
was dose-dependently induced by LPS but not by Rs-LPS
(Fig. 6A). As with MMP-9, addition of Rs-LPS suppressed
LPS-mediated induction of ABCA1 (Fig. 6B). Similar to
our earlier findings, no significant changes of ABCG1
mRNA expression were detected in the presence of LPS
or Rs-LPS. These data demonstrated a role of LPS uptake
and intracellular transport in LPS-mediated induction of
ABCA1 mRNA expression.

Involvement of p38 MAP kinase in LPS-mediated
induction of ABCA1 expression

Responses of cells to LPS stimulation, such as produc-
tion of MMP-9, were previously shown to involve activation
of p38 mitogen-activated protein (MAP) kinase (32). We
thus questioned if LPS-mediated ABCA1 induction would

Fig. 5. Effect of LPS and LXR agonist on promoter activity of
ABCA1 in THP-1 cells. A fragment of the human ABCA1 promoter
(from –928 to � 101 bp) was linked to the firefly luciferase reporter
gene. The resulting plasmid was cotransfected with a control re-
porter plasmid (pSV-�-galactosidase) in THP-1 cells. Cells were
treated with LPS (0.2 or 1 �g/ml), 22(R)-, or 22(S)-hydroxycholes-
terol (5 �M). After 48 h, cells were lysed, and activities for the fire-
fly luciferase and �-galactosidase were measured. Results are ex-
pressed as a ratio between the firefly luciferase and �-galactosidase
activities, and data are shown as the means � SD of triplicates of a
representative experiment. Three to four independent experi-
ments were performed.

Fig. 6. Effect of LPS and Rhodobacter sphaeroiders LPS (Rs-LPS) on
expression of ABCA1 in THP-1 cells. THP-1 cells (5 � 105 cells/
well) were plated in 6-well plates, and mixed with increasing con-
centrations of LPS (u) (A), or Rs-LPS (n) and buffer (B), LPS (100
ng/ml), Rs-LPS (100 ng/ml), or combination LPS and Rs-LPS (100
ng/ml each). After overnight incubation (�16 h) at 37	C, RNA
samples were prepared from the cultured cells, and mRNAs for
ABCA1 were measured as described in Materials and Methods.
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also require an activation of p38 MAP kinase. Before addi-
tion of LPS stimulation, THP-1 cells were pretreated for
30 min with increasing concentrations of a well-defined
specific p38 MAP kinase inhibitor, PD169316 (33). As
shown in Fig. 7A, addition of PD169316 significantly re-
duced LPS-mediated induction of ABCA1 mRNA. At 0.4
�M, PD169316 completely eliminated the LPS-mediated
increase of ABCA1 mRNA. In a parallel experiment, we
found that treatment with PD169316 failed to significantly
affect the ABCA1 mRNA expression induced by LXR ago-
nist 22(R)-hydroxycholesterol (Fig. 7B).

DISCUSSION

LXR-independent regulation of ABCA1 expression
Expression of ABCA1 may be affected by loading cells

with cholesterol (21), or by the treatment of cells with spe-
cific oxysterols (20), geranylgeranyl pyrophosphate (34),
cAMP (35), transforming growth factor (TGF)-� (36), or
interferon � (37). While it is clear that effects of specific
oxysterols or geranylgeranyl pyrophosphate on ABCA1 ex-
pression are mediated through LXR (20, 24, 34), mecha-
nisms of other mediators used to influence the expression
of ABCA1 remain unknown. Here, we report for the first
time that bacterial LPS induces the expression of ABCA1.
Furthermore, we provide strong evidence indicating that
induction of ABCA1 by LPS treatment is mediated through

an LXR-independent mechanism. We have demonstrated
this through three independent studies. First, we showed
that treatment of cells with LPS or LXR agonists resulted in
a differential regulatory pattern of ABCA1 and ABCG1.
While ABCG1 mRNA is more effectively up-regulated by
the treatment of agents that activate LXR, we found that
ABCA1 but not ABCG1 mRNA was increased upon the
treatment of bacterial LPS. Second, treatment of mice with
LPS resulted in an opposite expression pattern of ABCA1
and CYP7A. If LPS-mediated induction of ABCA1 is driven
via an increased activity of LXR, both ABCA1 and CYP7A
should be increased when mice were treated with LPS,
since in mice both of these genes have a strong LXR re-
sponsive element in their promoter region (20, 24, 26). In
fact, a reduction of CYP7A demonstrated here (Fig. 4B)
and previously by others (38) is consistent with a potentially
reduced activity of LXR, as the expression of nuclear recep-
tor RXR and LXR may be reduced upon LPS treatment
(23). Finally, treatment of cells with LPS or LXR agonist re-
sulted in a differential effect on promoter activities of
ABCA1 that contains a well-defined LXR response element.
While 22(R)-hydroxycholesterol and LPS both increased
expression of ABCA1, only 22(R)-hydroxycholesterol in-
creased the promoter activity of ABCA1. As reported by
others (20, 24), we found deletion of the LXR-responsive
element in the ABCA1 promoter abolished the stimulatory
activity of 22(R)-hydroxycholesterol. Together, these stud-
ies ruled out the possibility that LPS would increase the ex-
pression of ABCA1 by either directly acting as an LXR ago-
nist, by affecting generation of endogenous LXR ligand, or
by any other means to influence the activation of LXR.

While the exact mechanism(s) used by LPS to regulate
ABCA1 expression remain unknown, results from our
studies clearly demonstrated the involvement of LPS up-
take, transportation of LPS from plasma membrane to an
intracellular site, and activation of p38 MAP kinase (Figs.
6, 7). Furthermore, results from our preliminary studies
suggested that LPS did not change the stability of ABCA1
mRNA (data not shown). It should be noted that the
ABCA1 promoter used in our study for constructing an
ABCA1-luciferase reporter assay (�928 to �101 bp) by no
means is a complete ABCA1 promoter. The element re-
quired for LPS response could be located in the upstream
area that was not present in our construct. Further studies
are ongoing to elucidate the mechanism(s) of LPS-medi-
ated regulation of ABCA1.

Differential regulation of ABCA1 and ABCG1
ABCA1 and ABCG1 both are members of the ATP-

binding cassette (ABC) transporter superfamily. ABCA1 is
a full transporter ABC protein, containing two symmetri-
cal halves with each half having six transmembrane do-
mains and one ABC, whereas ABCG1 is half transporter,
containing six transmembrane domains and a single ABC
(9–12). ABCA1 and ABCG1 both are ubiquitously ex-
pressed and subject to regulation (18–21). Our current
understandings of the regulation of these two genes have
led us to believe that ABCA1 and ABCG1 may share simi-
lar mechanisms of regulation. Expression of ABCA1 and

Fig. 7. Effect of p38 MAP kinase inhibitor on ABCA1 expression
in THP-1 cells. THP-1 cells (5 � 105 cells/well) were plated in
6-well plates, and mixed with LPS (1 �g/ml) (A) and increasing
concentrations of PD1396316 or 22(R)-hydroxycholesterol (5 �M)
(B) in the presence or absence of PD169316 (10 �M). After over-
night incubation (�16 h) at 37	C, RNA samples were prepared
from the cultured cells, and mRNAs for ABCA1 were measured as
described in Materials and Methods.
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ABCG1 both may be suppressed by the zinc finger protein
202 (ZNF202)(39) and upregulated by cholesterol load-
ing or by the treatment of specific oxysterols including 25-,
20(S)-, and 22(R)-hydroxycholesterol (18–21). Induction
of both ABCA1 or ABCG1 by these specific oxysterols de-
pended on activation of LXR (18–20, 24). Indeed, ABCA1
and ABCG1 appear to share some functional similarities.
They are both capable of mediating the active efflux of
cholesterol and phospholipids in macrophages (8, 18).

A number of in vivo observations, however, have led us
to believe that the function of these two genes should be
different. A defect in ABCA1 alone is sufficient to prevent
HDL formation, as seen in patients with TD (6–8). In fact,
a recent study reported that the expression of ABCG1 in
TD patients is higher than that of normal patients (40).
While over expression of ABCA1 in mice may result in an
increase of plasma levels of HDL-C (41–42), over expression
of ABCG1 resulted in a significant reduction of HDL-C (43).
It is unclear what the physiological relevance could be for an
increased expression of ABCA1 in mice treated with LPS or
during sepsis. As HDL may neutralize a proinflammatory ef-
fect of LPS (44–45), it is tempting to speculate that in ad-
dition to cholesterol and phospholipid efflux, ABCA1 may
also transfer out LPS. If so, induction of ABCA1 by LPS
could potentially serve as protective machinery.

A functional difference of these two genes underlies the
importance for a mechanism that would differentially reg-
ulate the expression of ABCA1 and ABCG1. Here, we re-
port for the first time a unique mechanism that differenti-
ates the regulation of ABCA1 and ABCG1 expression. As
we discussed above, such a mechanism is LXR-indepen-
dent and requires activation of p38 MAP kinase. A further
understanding of the mechanisms that differentiate the
expression of ABCA1 and ABCG1 may facilitate our un-
derstanding toward the functional differences of these
two genes.

Manuscript received 6 November 2001 and in revised form 8 February 2002.
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