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Abstract The adipocyte lipid-binding protein (ALBP/aP2)
belongs to a multigene family of fatty acid and retinoid
transport proteins. This protein is abundantly expressed in
the cytoplasm and nuclear region of adipocytes and is pos-
tulated to serve as a lipid shuttle, solubilizing hydrophobic
fatty acids and delivering them to the appropriate metabolic
system for utilization. This report demonstrates that human
cholesterol-loaded THP-1 macrophages express ALBP/aP2
and that its expression can be stimulated by oxidized low
density lipoprotein (oxLDL). The increase in mRNA ex-
pression was paralleled by a similar increase in ALBP/aP2
protein. The increase in ALBP/aP2 mRNA and protein in
oxLDL-stimulated THP-1 macrophages is concentration and
time dependent and is inhibited by treatment of the cells with
an antioxidant inhibitor of nuclear factor-

 

k

 

B (NF-

 

k

 

B), pyr-
rolidine dithiocarbamate (PDTC), and with protein kinase
C (PKC) inhibitors bisindolylmaleimide I and Ro-31-
8220.  These results suggest that activation of both NF-

 

k

 

B
and PKC signaling pathways is necessary for oxLDL-
induced ALBP/aP2 gene expression in THP-1 macrophages
and that the upregulation of the fatty acid carrier may be a
necessary event in foam cell formation.
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The adipocyte lipid-binding protein (ALBP/aP2), a
member of the intracellular fatty acid-binding protein
(FABP) multigene family (1), selectively binds hydropho-
bic ligands such as long-chain fatty acids (2, 3). ALBP/
aP2, the product of the FABP4 gene, exhibits significant
sequence identity to other members of the FABP gene
family such as myelin P2 protein (67%), the cardiac/skeletal
muscle FABP (FABP3, 64%), and the keratinocyte fatty
acid-binding protein (FABP5, 51%) (4). Whereas ALBP/
aP2 expression was originally believed to be adipose spe-
cific, its expression has been reported in THP-1 cells and
in certain bladder cell carcinomas (5). Although a specific
physiological role has yet to be firmly established for any
member of this family, gene disruption studies support

 

the hypothesis that FABPs serve the cell as intracellular
fatty acid chaperones (6–8).

The ALBP/aP2 gene is one of the cellular targets for
the nuclear peroxisome proliferator-activated receptor 

 

g

 

(PPAR

 

g

 

) during adipocyte differentiation (9). Moreover,
ALBP/aP2 is also upregulated in THP-1 cells and primary
cell monocytes treated with PPAR

 

g

 

 agonists (10). Consis-
tent with the view of PPAR

 

g

 

 as a primary determinant of
ALBP/aP2 expression, mouse embryonic stem cells lacking
both copies of the PPAR

 

g

 

 gene lack expression of the ALBP/
aP2 gene and are not able to develop into fat cells (11).

The expression of ALBP/aP2 in human monocytes
raises the possibility that the intracellular trafficking of
fatty acids may be critical in the etiology of foam cell for-
mation and atherogenesis. Among monocyte/macrophage
cell lines, THP-1 cells have been particularly useful to
study the induction of scavenger receptor expression dur-
ing their differentiation from monocytes to macrophages
during exposure to phorbol myristate acetate (PMA) (12–
14). Unlike the low density lipoprotein (LDL) receptor,
macrophage scavenger receptors are not downregulated
by an increase in the cellular cholesterol content and take
up oxidized LDL (oxLDL) avidly (15–17), leading to the
formation of foam cells and accelerated atherosclerosis
(18). OxLDL not only induces accumulation of lipids in
the arterial wall, leading to the transformation of mac-
rophages into foam cells, but is also cytotoxic to vascular
endothelial cells, where it acts as a chemoattractant, re-
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cruiting monocytes into the vessel wall. OxLDL also in-
duces the expression of PPAR

 

g

 

 in THP-1 cells (19–21);
however, the molecular mechanisms involved in oxLDL-
induced gene regulation in macrophages are still unclear.

In this article we demonstrate that one of the genes
highly induced by oxLDL stimulation of THP-1 macro-
phages is ALBP/aP2. The expression of the ALBP/aP2
gene can also be upregulated in cholesterol-loaded THP-1
macrophages by Fc

 

g

 

 receptor-mediated uptake of native
LDL immune complexes (nLDL-IC) or oxLDL immune
complexes (oxLDL-IC). The upregulation of ALBP/aP2
gene expression in oxLDL-stimulated THP-1 macro-
phages is concentration and time dependent and is mark-
edly inhibited by co-incubation with pyrrolidine dithiocar-
bamate (PDTC), an antioxidant inhibitor of the NF-

 

k

 

B
signaling pathway, or with bisindolylmaleimide I, as well as
3-[1-[3-(amidinothio)propyl-1H-indol-3-yl]-3-(1-methyl-
1H-indol-3-yl)] maleimide methanesulfonate (Ro-31-8220),
two inhibitors of the protein kinase C (PKC) signaling path-
way. These data suggest that activation of NF-

 

k

 

B and PKC
signaling pathways in THP-1 macrophages is important for
oxLDL-induced ALBP/aP2 gene expression. Upregulation
of the ALBP/aP2 gene by oxLDL, nLDL-IC, or oxLDL-IC
indicates that fatty acid transport in THP-1 macrophages
may be involved in solubilization and delivery of lipid moi-
eties from the LDL particle to lipid-signaling pathways.

MATERIALS AND METHODS

 

Human monocytic leukemia THP-1 cells were purchased
from the American Type Culture Collection (ATCC, Manassas,
VA). Tissue culture media were purchased from Life Technolo-
gies (Gaithersburg, MD). PMA and NF-

 

k

 

B inhibitor PDTC were
purchased from Sigma (St. Louis, MO). PKC inhibitors bisin-
dolylmaleimide I and Ro-31-8220 were purchased from Calbio-
chem (San Diego, CA). RNA isolation reagents were purchased
from Biotecx Laboratory (Houston, TX). Nylon membranes and
the transfer system were purchased from Schleicher & Schuell
(Keene, NH). Radioisotopes were purchased from NEN Life Sci-
ence Products (Boston, MA). A primer DNA-labeling kit was pur-
chased from Roche Molecular Biochemicals (Indianapolis, IN).
Spin columns for probe purification and hybridization solution
were purchased from Clontech (Palo Alto, CA). Unless other-
wise specified, all other reagents were purchased from Sigma.

 

Cell culture

 

Human monocytic leukemia THP-1 cells were cultured in
RPMI 1640 medium supplemented with 10% fetal calf serum
(Tissue Culture Biologicals, Tulare, CA), penicillin (100 U/ml)
and streptomycin (100 mg/ml) at 37

 

8

 

C in 5% CO

 

2

 

. THP-1
monocytes were treated with 100 nM PMA for 24 h to facilitate
differentiation into macrophages. After treatment, the adherent
macrophages were washed three times with phosphate-buffered
saline (PBS) and incubated with cell culture medium for 24 h at
37

 

8

 

C until addition of oxLDL.

 

LDL isolation and modification

 

Human peripheral blood from healthy volunteers was col-
lected in 10 

 

m

 

M ethylenediaminetetraacetic acid (EDTA). Native
LDL (d 

 

5

 

 1.019 to 1.063 g/ml) was isolated from the plasma by
sequential ultracentrifugation at 60,000 rpm for 24 h at 10

 

8

 

C in a
60-Ti rotor (Beckman, Palo Alto, CA). Native LDL was washed

and concentrated by ultracentrifugation at 40,000 rpm for 24 h
at 10

 

8

 

C in an SW 41 rotor (Beckman). The concentrated LDL
was dialyzed against 0.15 M NaCl and 300 

 

m

 

M EDTA (pH 7.4) at
4

 

8

 

C for 36 h. Acetylated LDL (acLDL) was prepared with acetic
anhydride by the method of Basu et al. (22). Glycation of native
LDL was performed with 150 mM glucose 6-phosphate at 37

 

8

 

C
for 1 week followed by dialysis against 0.15 M NaCl and 300 

 

m

 

M
EDTA (pH 7.4) at 4

 

8

 

C for 12 h. OxLDL was prepared by incuba-
tion of LDL (2 mg of LDL protein/ml) with 40 

 

m

 

M CuCl

 

2 

 

in PBS
for 24 h at 37

 

8

 

C followed by the addition of 300 

 

m

 

M EDTA, and
dialysis against 0.15 M NaCl and 300 

 

m

 

M EDTA (pH 7.4) at 4

 

8

 

C
for 36 h. The degree of LDL oxidation was determined by mea-
surements of conjugated dienes (23) and fluorescent com-
pounds (24). The formation of conjugated dienes and fluores-
cent compounds, as surrogates for oxidation of lipid and protein
moieties, respectively, in oxLDL was 5.8- and 15-fold of those in
native LDL, respectively. nLDL-IC, oxLDL-IC, or IgG immune
complexes (IgG-IC) were prepared by incubating native LDL,
oxLDL, or IgG overnight at 4

 

8

 

C with a rabbit anti-LDL or anti-
IgG antiserum raised in our laboratory as previously described
(25). The antigen-to-antibody ratio yielding the highest amount
of precipitate was considered to correspond to the equivalence
point and was used for the preparation of the insoluble immune
complexes. Protein concentrations were determined by the
Lowry protein assay, using bovine serum albumin as a standard
(26). All lipoproteins and their immune complexes were steril-
ized by filtration through a 0.45-

 

m

 

m pore size filter (Gelman Sci-
ences, Ann Arbor, MI) and stored at 4

 

8

 

C. Lipoproteins and their
immune complexes were used within 2 weeks of preparation.

 

Stimulation analysis

 

All stimulation agents were added to the culture medium in a
minimal volume (

 

,

 

10%) of PBS at a variety of concentrations.
The incubation periods varied according to the experimental
protocol. For each experiment, a minimum of three indepen-
dent experiments was performed.

 

Inhibition analysis

 

A variety of inhibitors for the signaling pathways studied were
added during the last 24 h of incubation to the culture medium,
in a minimal volume (

 

,

 

0.1%) of dimethyl sulfoxide or ethanol
and at several concentrations according to the experimental
protocol. For each experiment, a minimum of three indepen-
dent experiments was performed.

 

RNA isolation and Northern blot analysis

 

For each sample, about 5 

 

3

 

 10

 

6

 

 cells were lysed in Ultraspec
RNA isolation solution (Biotecx) and total cellular RNA was iso-
lated according to the manufacturer protocol. Approximately 20

 

m

 

g of each total RNA sample was separated on a 1% agarose-
formaldehyde gel and transferred onto a nylon membrane with
20

 

3

 

 SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0) solution. The
RNA on the membrane was treated with a UV cross-linker. Probe
corresponding to the partial coding region and 3

 

9

 

 region of the
ALBP/aP2 gene was labeled to high specific activity (

 

.

 

2 

 

3

 

 10

 

9

 

dpm/

 

m

 

g), using the random primer DNA labeling kit according
to the manufacturer protocol. Membranes were prehybridized
in ExpressHyb hybridization solution for 30 min and then hy-
bridized with the probe for 1 h at 68

 

8

 

C. Hybridized membranes
were washed once at room temperature for 30 min in 2

 

3

 

 SSC
containing 0.5% sodium dodecyl sulfate (SDS) and again for an-
other 30 min at 55

 

8

 

C in 0.2

 

3

 

 SSC containing 0.5% SDS. To con-
trol for equivalency of RNA loading and transfer, the mem-
branes were stripped and rehybridized with a 1-kb human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA
fragment purchased from the ATCC. Semiquantitative analysis
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of autoradiograms was assessed by the Foto/UV21 imaging sys-
tem, using NIH Image software.

 

Immunochemical analysis

 

THP-1 macrophages after incubation were washed twice with
1

 

3

 

 PBS buffer and scraped off from culture dishes with cell lysis
buffer (1

 

3

 

 PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS) containing freshly added protease inhibitor cocktail
(Sigma). Twenty-five micrograms of protein per lane and known
molecular weight markers (Bio-Rad, Hercules, CA) were sepa-
rated by 10% SDS-polyacrylamide gel electrophoresis. Proteins
were electrophoretically transferred onto polyvinylidene difluo-
ride membranes and incubated overnight at 4

 

8

 

C with blocking so-
lution (5% nonfat milk in PBS). The blocked membranes were in-
cubated with immunopurified anti-murine ALBP/aP2 polyclonal
antibody (kindly provided by D. A. Bernlohr, Department of Bio-
chemistry, University of Minnesota, St. Paul, MN) (1:1000 dilution
with 1% nonfat milk in PBS) for 1 h at room temperature, and
washed three times with PBS buffer containing 0.1% Tween 20 for
15 min at room temperature with shaking. The membranes were
then incubated with anti-rabbit antibody coupled to horseradish
peroxidase (1:5000 dilution with 1% nonfat milk in PBS) for 1 h
at room temperature, and washed four times with PBS buffer con-
taining 0.1% Tween 20 for 15 min at room temperature with shak-
ing. Immunodetection analyses were accomplished with the En-
hance chemiluminescence kit (NEN Life Science Products).
Semiquantitative analysis of film was performed with the Foto/
UV21 imaging system, using NIH Image software.

 

RESULTS

 

Upregulation of ALBP/aP2 gene by oxLDL and LDL
immune complexes in THP-1 macrophages

 

Because ALBP/aP2 plays an important role in lipid traf-
ficking during differentiation of adipocytes, and is upreg-
ulated in monocytes treated with PPAR

 

g

 

 agonists, we ex-
plored the possibility that expression of ALBP/aP2 might
be stimulated in THP-1 cells by incubation of the cells
with lipoproteins or lipoprotein immune complexes under
conditions that lead to increased cellular lipid content.
Human monocytic leukemia THP-1 cells were treated with
100 nM PMA for 24 h to induce their differentiation into
macrophages. The PMA-treated THP-1 macrophages were
subsequently washed and incubated with culture medium
for an additional 24 h to ensure that PMA treatment would
not directly contribute to, or affect, the results obtained.
No upregulation of the ALBP/aP2 was detected after
washing PMA away from culture medium. THP-1 mac-
rophages were examined by flow cytometric analysis for
the expression of CD14, which is a marker for macro-
phages. Our data indicated that 81.2% of THP-1 cells kept
the differentiated status without PMA for up to 48 h,
63.9% of THP-1 cells up to 6 days (data not shown). After
differentiation, THP-1 macrophages were treated with
lipoprotein (native LDL), modified lipoproteins [acLDL,
glycated LDL (glyLDL), and oxLDL], and lipoprotein-
containing complexes (nLDL-IC and oxLDL-IC), with the
general cell activator lipopolysaccharide (LPS), and with
IgG anti-LDL (the IgG preparation used to prepare
oxLDL-IC and nLDL-IC). IgG-IC were also used to stimu-
late the cells to determine whether nonspecific immune

complexes or only those containing a lipoprotein moiety
were able to induce stimulation of ALBP/aP2 (

 

Fig. 1

 

).
Among these stimuli, oxLDL treatment led to the highest
level of ALBP/aP2 mRNA (0.65 kb) in THP-1 macro-
phages compared with the controls (more than 3-fold).
nLDL-IC and oxLDL-IC stimulation also led to high levels
of ALBP/aP2 mRNA in THP-1 macrophages when com-
pared with the controls, although native LDL itself did
not induce the expression of ALBP/aP2 gene. The non-
lipoprotein/stimuli (IgG-IC and IgG anti-LDL), acLDL,
and glyLDL did not increase ALBP/aP2 mRNA.

 

Upregulation of ALBP/aP2 by oxLDL is
concentration and time dependent

 

We next examined whether the upregulation of ALBP/
aP2 gene expression by oxLDL in THP-1 macrophages
would be concentration and time dependent. After THP-1
monocytes were differentiated into macrophages by PMA
treatment, the recovered THP-1 macrophages were incu-
bated for 24 h with oxLDL in concentrations ranging
from 5 to 100 

 

m

 

g/ml. Northern blot analysis showed that
the levels of ALBP/aP2 mRNA in THP-1 macrophages
gradually increased with increasing concentrations of
oxLDL up to 100 

 

m

 

g/ml (

 

Fig. 2A

 

). To determine whether
the increase in ALBP/aP2 mRNA was paralleled by a cor-
responding increase in protein, immunoblotting was per-
formed. As shown in Fig. 2B, the greater than 3-fold up-
regulation of ALBP/aP2 mRNA was accompanied by a

Fig. 1. ALBP/aP2 gene expression in THP-1 macrophages. THP-1
monocytes were treated with 100 nM PMA for 24 h, washed with
PBS, and incubated for an additional 24 h at 378C with medium
alone. After the 24 h recovery, THP-1 macrophages were incubated
for 24 h at 378C with medium (lane control) or with medium con-
taining LPS (100 mg/ml); native LDL (100 mg/ml); modified LDL
(acLDL, glyLDL, and oxLDL; 100 mg/ml); IgG (100 mg/ml); or
LDL immune complexes (nLDL-IC, oxLDL-IC, and IgG-IC; 150
mg/ml). After incubation, THP-1 macrophages were harvested for
RNA isolation. Northern blot analysis, as described in Materials and
Methods, was performed to examine the levels of ALBP/aP2
mRNA (0.65 kb), using glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA (1.4 kb) as control for RNA loading.
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2-fold increase in protein expression (15 kDa). When the
time course for upregulation was evaluated, using an oxLDL
concentration of 100 

 

m

 

g/ml, maximal increases in ALBP/
aP2 mRNA and protein levels were observed between 12 and
24 h of incubation (

 

Fig. 3

 

). During the incubation period,
oxLDL-treated THP-1 macrophages showed no signs of cell
apoptosis as observed by cell morphology and determined
by Western blot for the caspase-dependent poly(ADP-
ribose) polymerase (PARP) cleavage (data not shown). Thus,
the expression of ALBP/aP2 gene induced by oxLDL in
THP-1 macrophages is concentration and time dependent.

 

Effect of multiple signaling pathways on oxLDL-mediated 
upregulation of ALBP/aP2 in THP-1 macrophages

 

To understand the mechanisms involved in the upregu-
lation of ALBP/aP2 gene expression by oxLDL, we exam-
ined the role of two different signaling pathways: nuclear
factor 

 

k

 

B (NF-

 

k

 

B) and PKC.
Previous studies have shown that activation of NF-

 

k

 

B, a
transcription factor involved in immediate-early gene acti-
vation during inflammatory processes, is regulated by
oxLDL in human macrophages (27). NF-

 

k

 

B activation in-

volves phosphorylation of NF-

 

k

 

B inhibitor (I-

 

k

 

B) and
proteolysis of this inhibitor by a large protease complex,
the proteasome, followed by nuclear translocation of the
dimer (28, 29). The antioxidant PDTC was found to selec-
tively block the dissociation of I-

 

k

 

B from the cytoplasmic
NF-

 

k

 

B, thus preventing the activation and nuclear translo-
cation of NF-

 

k

 

B (30, 31). To evaluate whether the NF-

 

k

 

B
signaling pathway would be involved in oxLDL-mediated
upregulation of the ALBP/aP2 gene in THP-1 macro-
phages, THP-1 macrophages were co-incubated with oxLDL
(100 

 

m

 

g/ml) and with different concentrations of PDTC
ranging from 25 to 200 

 

m

 

M. 

 

Figure 4

 

 shows that the expres-
sion of ALBP/aP2 induced by oxLDL was inhibited by
PDTC in a concentration-dependent manner. These results
demonstrated that activation of the NF-

 

k

 

B signaling path-
way is a key element in the regulation of ALBP/aP2 gene
expression in THP-1 macrophages induced by oxLDL.

To investigate whether activation of the PKC signaling
pathway would also be involved in oxLDL-mediated up-
regulation of the ALBP/aP2 gene in THP-1 macrophages,
we co-incubated THP-1 macrophages for 24 h with oxLDL
(100 mg/ml) and different concentrations of bisindolyl-
maleimide I (Fig. 5) or Ro-31-8220 (Fig. 6), two inhibitors
of the PKC signaling pathway. Both PKC inhibitors inhib-
ited oxLDL-induced ALBP/aP2 gene expression in THP-1
macrophages in a concentration-dependent manner.

DISCUSSION

The ALBP/aP2 was initially discovered in adipose tissue
and is believed to function in the mobilization and traf-

Fig. 2. Effect of oxLDL on the induction of ALBP/aP2 gene ex-
pression in THP-1 macrophages. THP-1 monocytes were treated
with 100 nM PMA for 24 h to induce differentiation into macro-
phages. After recovering from the PMA treatment for an additional
24 h, the macrophages were incubated with various concentrations
of oxLDL ranging from 5 to 100 mg/ml for 24 h. (A) Northern blot
analysis was performed to examine the expression of ALBP/aP2.
GAPDH mRNA was similarly examined on the same membrane to
monitor RNA loading and transfer. (B) Western blot analysis for
ALBP/aP2 protein (15 kDa) in THP-1 macrophages. The experi-
mental design is the same as described in (A). After incubation, the
cells were scraped and protein was extracted, and then used to ex-
amine the amounts of ALBP/aP2 protein by immunoblotting as de-
scribed in Materials and Methods.

Fig. 3. Time course of ALBP/aP2 gene expression induced by
oxLDL in THP-1 macrophages. THP-1 monocytes were treated with
100 nM PMA for 24 h to induce differentiation into macrophages.
After recovering from the PMA treatment for 24 h, the cells were in-
cubated with oxLDL (100 mg/ml) for 3 to 24 h. Total RNA isolation,
Northern blot analysis, protein isolation, and Western blot analysis,
as described in Materials and Methods, were performed to examine
the expression of ALBP/aP2 gene. GAPDH cDNA was used to re-
probe the same membrane to monitor RNA loading and transfer.
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ficking of intracellular fatty acids. A second FABP, the ke-
ratinocyte lipid-binding protein (KLBP), is also expressed
in adipocytes to a level about 1% that of ALBP/aP2. These
two lipid-binding proteins are the only two lipid-binding
proteins found in adipose tissue.

Pelton et al. (10) reported that ALBP/aP2 is upregu-
lated in THP-1 cells after activation of PPARg with its
ligands. Our work extends their observation and demon-
strates that the ALBP/aP2 gene is upregulated in THP-1
macrophages in response to stimulation with oxLDL,
nLDL-IC, and oxLDL-IC. In human THP-1 macrophages,
the uptake of oxLDL has been found to be related to the
high expression of scavenger receptors in the cell, and

the uptake of nLDL-IC and oxLDL-IC is mediated by Fcg
receptors (32, 33). The presence of high concentrations
of native LDL also stimulates the expression of either scav-
enger or Fcg receptors (34, 35). The uptake of oxLDL,
oxLDL-IC, and nLDL-IC promotes cholesterol accumula-
tion in THP-1 macrophages and contributes to the forma-
tion of foam cells. Because of the high content of fatty
acids in the LDL moiety, it is perhaps not surprising that
its uptake induced upregulation of ALBP/aP2 gene ex-
pression. The increased expression of ALBP/aP2 in THP-1
macrophages exposed to oxLDL or to immune complexes
containing native or oxLDL likely occurs to fulfill the in-
creased lipid trafficking in the stimulated macrophages.
Consistent with this hypothesis, LPS, which inhibits the
expression of scavenger receptor in human macrophages
(36), and native LDL, whose uptake is mainly mediated by
the LDL receptor (15) and therefore will not lead to high
cellular lipid accumulation, have little ability to upregulate
the ALBP/aP2 gene in THP-1 macrophages. Interestingly,
in the present study, exposure of macrophages to acLDL
does not elicit a change in ABLP/aP2 levels, suggesting
that induction of ALBP/aP2 gene is mediated either by dif-
ferent scavenger receptors that specifically bind to oxLDL,
or by specific responses to oxidized components from
oxLDL.

It has been reported that oxLDL stimulates the NF-kB
and PKC signal transduction pathways in macrophage-like
cells (27, 37). The NF-kB signaling pathway regulates the
transcription of an exceptionally large number of genes,
particularly those participating in immune and inflamma-
tory responses (38, 39). The processes induced by oxLDL
in atherosclerosis, such as endothelium injury, monocyte
recruitment to the macrophage lineage, and foam cell for-
mation, are generally considered inflammatory responses
(40). On the other hand, stimulation of the PKC pathway
is considered the most common activation mechanism in
signal transduction systems. Furthermore, the uptake of

Fig. 4. Inhibition of the oxLDL-mediated upregulation of ALBP/
aP2 expression by NF-kB inhibitor PDTC in THP-1 macrophages.
THP-1 monocytes were treated with 100 nM PMA for 24 h to in-
duce differentiate into macrophages. After recovering from the
PMA treatment for 24 h, the cells were co-incubated with oxLDL
(100 mg/ml) and increasing concentrations (25 to 200 mM) of
PDTC, an inhibitor for the NF-kB signaling pathway, for 24 h. Lane C
shows control macrophages without oxLDL and inhibitor treat-
ment. Lane 0 indicates THP-1 macrophages treated only with oxLDL.
After the co-incubation, the THP-1 macrophages were harvested
and total cellular RNA was isolated. Northern blot analysis was per-
formed as described in Materials and Methods. The same mem-
brane was rehybridized with a GAPDH cDNA probe as a control for
RNA loading and transfer.

Fig. 5. Inhibition of oxLDL induced ALBP/aP2 gene expression
by PKC inhibitor bisindolylmaleimide I in THP-1 macrophages.
THP-1 cells were treated with 100 nM PMA for 24 h to induce the
monocytes to differentiate into macrophages. After recovering
from the PMA treatment for 24 h, the PKC inhibitor bisindolylma-
leimide I was added to the THP-1 macrophages at various concen-
trations (1 to 100 nM) with oxLDL (100 mg/ml) for 24 h of incuba-
tion. Lane 0 represents THP-1 macrophages treated only with
oxLDL. After the incubation, these macrophages were harvested,
total cellular RNA was isolated, and then Northern blot analysis was
performed to examine the expression of ALBP/aP2 as described in
Materials and Methods. GAPDH cDNA was used to reprobe the
same membrane to monitor RNA loading and transfer.

Fig. 6. Inhibition of oxLDL induced ALBP/aP2 gene expression
by PKC inhibitor Ro-31-8220 in THP-1 macrophages. THP-1 mono-
cytes were treated with 100 nM PMA for 24 h to induce the cells to
differentiate into macrophages. After recovering from the PMA
treatment for 24 h, the PKC inhibitor Ro-31-8220 was added at vari-
ous concentrations (1 to 100 nM) with oxLDL (100 mg/ml) for 24 h
of incubation. Lane C indicates control macrophages without oxLDL
and inhibitor treatment. Lane 0 represents THP-1 macrophages
treated only with oxLDL. After co-incubation, the cells were har-
vested, total cellular RNA was isolated, and Northern blot analysis
was performed to examine the expression of ALBP/aP2. GAPDH
cDNA was used to reprobe the same membrane to monitor RNA
loading and transfer.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2022 Journal of Lipid Research Volume 41, 2000

oxLDL by scavenger receptors I/II and the subsequent ly-
sosomal degradation of LDL have been shown to be criti-
cal to the activation of the PKC signaling pathway (37). Our
present study has shown that the activation of the NF-kB or
PKC signal transduction pathway is directly or indirectly
involved in oxLDL-induced ALBP/aP2 gene expression in
human THP-1 macrophages.

The binding of fatty acids by ALBP/aP2 may affect their
ability to be metabolized into endogenous second-messenger
PPARg ligands such as 9-hydroxyoctadecadienoic acid or
13-hydroxyoctadecadienoic acid (20, 21). Agonist binding
by PPARg allows for heterodimerized with the retinoid X
receptor (41–44), targeting the expression of key genes
involved in carbohydrate and lipid metabolism.

Findings suggest that PPARg, originally found as a ver-
satile regulator with an important role in adipocyte differ-
entiation, may also be involved in oxLDL-mediated gene
regulation in human macrophages and vascular smooth
muscle cells (19–21, 45). Moreover, oxLDL can activate
the expression of the PPARg gene through a novel signal-
ing pathway involving scavenger receptor-mediated parti-
cle uptake in macrophages. Consistent with this is the high
expression levels of PPARg in the foam cells of atheroscle-
rotic lesions. The link between the scavenger receptor-
mediated uptake of oxLDL and PPARg expression sug-
gests that PPARg may be a key regulator for gene expression
during atherogenesis and may be involved in monocyte dif-
ferentiation. Troglitazone, one of the synthetic ligands for
the activation of PPARg, has been demonstrated to be
able to induce ALBP/aP2 gene expression in human skel-
etal muscle cells and monocytes (10, 46).

Targeted disruption of ALBP/aP2 does not result in al-
tered composition of the adipose fatty acid or triacylglycerol
pools, changes in fatty acid uptake and re-esterification, or
in differences in the morphology of the adipose tissue.
Such null animals upregulate the expression of KLBP, po-
tentially compensating for the loss of ALBP/aP2 (8, 47).
However, ALBP/aP2 null animals, relative to wild-type lit-
termates, do become obese when maintained on a high
fat diet and exhibit reduced lipolytic capacity (8, 48).
Moreover, Scheja et al. (49) have also shown a statistically
significant decrease in circulating triglyceride, glucose,
and insulin in ALBP/aP2-disrupted mice when compared
with their wild-type littermates. Taken together, these re-
sults suggest that the intracellular FABP functions as a
lipid chaperone, facilitating the movement of fatty acids
out of the fat cells in adipose tissue. Clearly, in vivo
studies, such as overexpression or inhibition of ALBP/aP2
gene expression in macrophages, will be required to de-
termine the function of the ALBP/aP2 gene in lipid traf-
ficking and foam cell formation.
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