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Abstract High levels of the inflammatory cytokine tumor
necrosis factor-a (TNF-a) are present in atherosclerotic
lesions. TNF-a regulates expression of multiple genes in-
volved in various stages of atherosclerosis, and it exhib-
its proatherosclerotic and antiatherosclerotic properties.
ACAT catalyzes the formation of cholesteryl esters (CE) in
monocytes/macrophages, and it promotes the foam cell for-
mation at the early stage of atherosclerosis. We hypothesize
that TNF-a may be involved in regulating the ACAT gene
expression in monocytes/macrophages. In this article, we
show that in cultured, differentiating human monocytes,
TNF-a enhances the expression of the ACAT1 but not
ACAT2 gene, increases the cholesteryl ester accumulation,
and promotes the lipid-laden cell formation. Several other
proinflammatory cytokines tested do not affect the ACAT1
gene expression. The stimulation effect is consistent with a
receptor-dependent process, and is blocked by using nuclear
factor-kappa B (NF-kappa B) inhibitors. A functional and
uniqueNF-kappa B element locatedwithin the humanACAT1
gene proximal promoter is required to mediate the action
of TNF-a. Our data demonstrate that TNF-a, through the
NF-kappa B pathway, specifically enhances the expression
of human ACAT1 gene to promote the CE-laden cell for-
mation from the differentiating monocytes, and our data
support the hypothesis that TNF-a is proatherosclerotic
during early phase of lesion development.—Lei, L., Y.
Xiong, J. Chen, J-B. Yang, Y. Wang, X-Y. Yang, C. C. Y.
Chang, B-L. Song, T-Y. Chang, and B-L. Li. TNF-alpha
stimulates the ACAT1 expression in differentiating mono-
cytes to promote the CE-laden cell formation. J. Lipid Res.
2009. 50: 1057–1067.
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In mammals, two members of the Acyl-CoA:cholesterol
acyltransferase (ACAT) family have been identified: ACAT1
(1) and ACAT2 (2–4). Under normal conditions, based on
mRNA, protein, and enzyme activity analyses, human
ACAT1 is the major isoenzyme in almost all of the tissues
or cells examined, andACAT2 ismost abundantly expressed
in the epical epithelium of intestines (5–9). Relevant to our
current study is the fact that ACAT1 is highly expressed in
monocytes/macrophages forming the foam cells in athero-
sclerotic plaques, especially at the early stage of athero-
sclerosis development (8–11).

During the early stage of atherosclerosis, monocytes enter
the intima of the artery and differentiate into macrophages.
Through scavenger receptors, the macrophages contin-
uously engorge large quantities of denatured lipoproteins,
and the cholesterols derived from these lipoproteins are con-
verted into cholesteryl esters (CE) by the enzymeACAT (10).
The accumulation of cholesteryl esters as abundant cyto-
plasmic lipid droplets causes the macrophages to be foamy
in appearance. The foam cell formation is a hallmark of
the early stage of atherosclerosis. In macrophages present
in human atherosclerotic lesions, a close connection be-
tween the foam cell appearance and the ACAT1 protein ex-
pression has been demonstrated (10, 11). In addition to the
ACAT1, detectable ACAT2 is also present in some but not all
of the macrophages from the same specimens (12).
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TNFa, an important inflammatory cytokine, is secreted
by activated lymphocytes, macrophages, endothelial cells,
and smooth muscle cells (13). TNFa participates in every
step of the inflammation process (14–16). Most of the mo-
lecular actions of TNFa on gene expression depend on the
NF-kB pathway (17). In mice models of atherosclerosis, in-
hibition of TNFa reduces the progression of atherosclerosis
(18). In healthy males, plasma TNFa levels correlate with
early carotid atherosclerosis (19). In patients with chronic
inflammatory diseases, TNFa inhibitors may improve insu-
lin resistance and lipid profiles (20).

Many effects of TNFa on cultured monocytes/macro-
phages have been demonstrated (16). These findings show
that the effects of TNFa aremostly proatherosclerotic. How-
ever, there have been conflicting results in cultured cells.
These differing responses may be a reflection of the hetero-
geneity of macrophages as well as the culture conditions
employed (16, 21), which may lead to differences in the
phenotype of the cultured cells. In this paper, we design ex-
periments in cultured, differentiating human monocytes
and in humanmonocytic cell lines to test the possibility that
TNFamay be involved in regulating the gene expression of
ACAT1 and/or ACAT2 in these cells.

MATERIALS AND METHODS

Reagents
Fetal bovine serumwas obtained fromGIBCOBRL (Grand Island,

USA). Recombinant human TNFa was the product of Roche
Applied Science (Indianapolis, USA). Anti-b-actin mono-
clonal antibodies, all-trans retinoic acid (ATRA) and recombinant
products of human macrophage-colony stimulating factor
(M-CSF), granulocyte/macrophage-colony stimulating factor
(GM-CSF), monocyte chemotactic protein-1 (MCP-1), interleukin-1
b (IL-1b), interleukin-6 (IL-6), interleukin-10 (IL-10),interferon-g
(IFN-g), and lipopolysaccharide (LPS) were from Sigma Aldrich
(Milwaukee, USA). Prostaglandin A1 (PGA1) and 15-deox-D12, 14-
prostaglandin J2 (PGJ2) were from Cayman Chemical (Ann Arbor,
USA). Anti-human ACAT1, anti-p65 and anti-p50 polyclonal anti-
bodies were from Santa Cruz Biotechnology (Santa Cruz, USA).
Anti-human ACAT2 polyclonal antibodies were generated by im-
munizing rabbits followed by affinity purification with anti-
gen (22). SYBR Green I and Trizol total RNA extraction kit was
purchased from Invitrogen (Carlsbad, USA). Moloney murine
leukemia virus reverse transcriptase was from Promega (Madison,
USA). The Hot Start Taq or Pfu DNA polymerase and dNTPs were
from TaKaRa (Dalian, China). The b-galactosidase detection kit II
was from Clontech (Mountain, USA). The expression plasmid
(pRC/b-actin-mIkBa) for the mutant of inhibitor of NF-kB a
(IkBa) was a gift from generous Dr. Jian-Guo Geng (Institute of
Biochemistry and Cell Biology, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences). All the oligonucleotides
were synthesized with an automatedDNA synthesizer in Institute of
Biochemistry and Cell Biology, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences.

Cell culture
Humanmononuclear cells were obtained from Shanghai Blood

Service Center, and human monocytes were isolated according
to the published procedure (23). THP-1, U937, HL60, HeLa,
and HEK293 cells were from American Type Culture Collection

(ATCC). These cells were cultured in a 37°C incubator with humid
atmosphere, 5% CO2 and 95% air. THP-1, U937, and HL60mono-
cytes were grown in RPMI 1640 media supplemented with 100 mg/
ml ampicillin, 100 mg/ml streptomycin, 2 g/l sodium bicarbonate,
plus 10% fetal bovine serum (FBS). HeLa and HEK293 cells were
grown in DMEM media supplemented with 100 mg/ml ampicillin,
100 mg/ml streptomycin, 2 g/l sodium bicarbonate, plus 10% fetal
bovine serum (FBS).

Treatment of human monocytic cells, lipid droplet
staining, and cholesterol assay

Immediately upon isolation, human blood monocytes were ad-
hered on cover slips in a 12-well plate for 48 h and treated with or
without TNFa for 40 h in the RPMI 1640 medium supplemented
with 7% human AB serum. Human THP-1 monocytes were ad-
hered on cover slips in a 12-well plate with treatment of 1mMATRA
or ATRA plus TNFa in the RPMI 1640medium supplemented with
10% FBS for 40 h; for the NF-kB inhibition assay, the inhibitor
PGA1 was added to the medium prior to stimulation of TNFa.
Then the cells were cultured with oxidized low-density lipoproteins
(oxLDL; 40 mg/ml), which are prepared as described (24, 25) but
without TNFa, for another 48 h in the fresh RPMI 1640 medium
containing 10% lipoprotein-deficient serum (LPDS). For the
ACAT inhibition assay, the ACAT inhibitor CP-113,818 was added
to the fresh RPMI 1640medium containing 10%LPDS and oxLDL
(40 mg/ml) after stimulation of TNFa. The treated cells were used
for analysis of lipid droplet staining and cellular cholesterol assay.

Lipid-laden cells (lipid droplet positive cells) that stained posi-
tively with oil red O as previously reported (25) were evaluated
under a microscope Olympus BX51. For each condition, the per-
centages of the lipid-laden cells to total cells were calculated by
collecting five different fields of cells (where each field contained
approximately 150 cells). The relative lipid-laden cell was calcu-
lated from the percentage of the lipid-laden cells to total cells by
setting the average percentage of cells without TNFa stimulation
as 1.0.

Cellular cholesterol contents were measured by using Amplex
Red Cholesterol Assay Kit (Molecular Probes/Invitrogen) as de-
scribed (26) with slight modification. Briefly, for the determina-
tion of cellular total and free cholesterols, cells were extracted in
chloroform/methanol (2:1; v/v); the chloroform phase was sepa-
rated, dried, and resuspended in assay reaction buffer (100 mM
potassium phosphate, pH 7.4, 50 mM NaCl, 5 mM cholic acid,
0.1% Triton X-100). The total and free cholesterol contents were
measured and used to calculate the CE contents. The protein
amounts were determined using protein assay kit (Bio-Rad
Laboratories, USA).

Western blot analysis
Various cells with different treatments were harvested and lysed

according to previous work (27). Protein concentrations of ly-
sates were determined using the protein assay kit (Bio-Rad Lab-
oratories, USA). Lysates (containing proteins 50 mg for ACAT1
and b-actin or 100 mg for ACAT2 per lane) were then subjected

TABLE 1. Forward primers for deletions in the 5′ region of human
ACAT1 gene proximal promoter

Primer Name Primer Sequence Plasmid

D52F 5′AAAggtaccACTGGCAACCTG3′ pD52
D53F 5′AAAggtaccATAGGATGCTCAGCC3′ pD53
D54F 5′AAAggtaccGCCGGAGGTGGCCCTG3′ pD54
D55F 5′AAAggtaccTCGGAGGCAGGGGGC3′ pD55

The Kpn I site of each primer is indicated as lowercase letters.
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to 10% SDS-PAGE for western analysis according to a method de-
scribed previously (27).

Reverse transcription-quantitative PCR
(RT-qPCR) analysis

The total RNAs from various cells with different treatments
were freshly prepared using the Trizol Regent (Life Technologies,
Inc.) and reverse-transcribed using the primer oligo(dT)18 to
obtain the relative cDNAs (28). By qPCR using Brilliant SYBR
Green qPCRMasterMix andMx3005PTM instrument (Stratagene),
the quantification of cDNAs from transcripts were done and the
content of human ACAT1 or ACAT2 mRNA was obtained by nor-
malizing to that of the humanGAPDHmRNA in each sample (29).
Specific primer sets for different qPCR analysis were: 5′GATGAAG-
GAAGGCTGGTGC3′/5′GGAAGCTGGTGGCAGTGTAT3′ for
human ACAT1 cDNA, 5′CATGCTGCTGCTCATCTTCT3′/5′
ACTGCGGAGACCAGGAACA3′ for human ACAT2 cDNA, and 5′
ACCCACTCCTCCACCTTTG3′/5′CTGTAGCCAAATTCGTTGT-
CAT3′ for human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA.

Construction of plasmids
The luciferase reporter (Luc) plasmid pM50 containing the

core region (–125/134) of human ACAT1 gene proximal pro-
moter has been constructed in previous work (28). The different
promoter fragments with the sequential 5′-deletions (–100/134,
–78/134, –66/134 and –32/134) were generated from the
plasmid pM50 by the PCR amplification with individual for-
ward primers (Table 1) and a common reverse primer (GLP2,
5′CTTTATGTTTTTGGCGTCTTCCA3′) that corresponds to the
3′-flanking sequence of multiple cloning sites. Those with the se-
quential 3′-deletions (–125/–27, –125/–67 and –125/–79) were
generated from the plasmid pM50 by the PCR amplification with
a common forward primer (GLP1, 5′TGTATCTTATGGTACTG-
TAACTG3′) that corresponds to the 5′-flanking sequence of multi-
ple cloning sites and individual reverse primers (Table 2). A special
promoter fragment with the 3′-deletion (–125/–101) was directly
obtained by synthesizing and annealing of two complementary
oligonucleotides, 5′CAAGGGGCGGGGAGGTGGGCGGAG3′
and 5′CTAGCTCCGCCCACCTCCCCGCCCCTTGGTAC3′,

which contain complementary nucleotides (bold). All the obtained
promoter fragments were digested by restriction enzymes and
inserted into the Kpn I and Nhe I sites of Luc vector pGL2-E to
generate the expression plasmids pD52-55 containing the se-
quential 5′-deletion promoter regions (–100/134, –78/134,
–66/134, –32/134) and pD31-35 containing the sequential
3′-deletion promoter regions (–125/–27, –125/–67, –125/–79,
–125/–101), respectively.

The mutations were introduced into the 3′-deletion promoter
region (–125/–79) of the expression plasmid pD34 by the ampli-
fication of PCR with the above common forward primer GLP1
and individual reverse primers with mutations (Table 3). These
amplified fragments were digested by restriction enzymes and in-
serted into the Kpn I and Nhe I sites of pGL2-E to generate ex-
pression plasmids pD34m1-9, respectively.

Restriction enzyme digestion and DNA sequencing confirmed
all the constructed plasmids.

Electrophoretic mobility shift assay (EMSA)
Nuclear extracts (NE) were prepared from THP-1 cells as de-

scribed (28) except with or without stimulation of TNFa for 2 h.
The synthesized oligonucleotides 5′CTTAACCTGGGGACCAC-
CAATAG3′ and 5′CTTCTATTGGTGGTCCCCAGGTT3′ were
annealed as the fragment (–95/–75) of human ACAT1 gene prox-
imal promoter, which contains a NF-kB element (bold) and with
overhang (italic) for labeling. This annealed fragment (–95/–75)
was then labeled with the Klenow enzyme by fill-in with the dNTPs
including [a-32P]dATP. The oligonucleotides annealed for mu-
tated cold probes and competitors were synthesized: kBm1
(5′CTTAACCTTATGACCACCAATAG3′/5′CTTCTATTGGTGGT-
CATAAGGTT3′) and kBm8 (5′CTTAACCTGGGGACCTCCAA-
TAG3′/5′CTTCTATTGGAGGTCCCCAGGTT3′) with mutations
(underlined) of theNF-kB element in humanACAT1 gene proximal
promoter; kBcon (5′CTTAGTTGAGGGGACTTTCCCAGGC3′/5′
CTTGCCTGGGAAAGTCCCCTCAACT3′ for NF-kB consensus se-
quence as positive control and AP-1 (5′CTTCGCTGGATGAGT-
CAGCCGGAA 3′/5′CTTTTCCGGCTGACTCATCCAGCG3′) for
activator protein-1 (AP-1) consensus sequence as negative control,
which were designed according to the manual of Promega Gel
Shift Assay Systems. The EMSAs were carried out as previous report
(28). For competition assay, 100-fold molar excess cold probes or
competitors were individually added to the reaction mixture. For
supershift assay, 2mg of anti-p65 and/or anti-p50 antibodies (Santa
Cruz, USA) were added to the reaction mixture.

Transfection and luciferase activity assay
The plasmids were transfected into human THP-1, U937 and

HL60 monocytes with the DEAE-dextran method as previous
report (28). HeLa and HEK293 cells were transfected with lipo-
fectamine 2000 (Invitrogen USA) as described in the manual.

TABLE 2. Reverse primers for deletions in the 3′ region of human
ACAT1 gene proximal promoter

Primer Name Primer Sequence Plasmid

D31R 5′AAAgctagcTCCGAGCACCGC3′ pD31
D33R 5′AAAgctagcTGAGCATCCTATTG3′ pD33
D34R 5′AAAgctagcTGGTGGTCCCCA3′ pD34

The Nhe I site of each primer is indicated as lowercase letters.

TABLE 3. Reverse primers for mutations in the TNFa responding region of human
ACAT1 gene proximal promoter

Primer Name Primer Sequence Plasmid

m1R 5′AAAgctagcTGGTGGTCATAAGGTTGCC3′ pD34m1
m2R 5′AAAgctagcTTTTGGTCATAAGGTTGCC3′ pD34m2
m3R 5′AAAgctagcTGGGTTGAATAAGGTTGCC3′ pD34m3
m4R 5′AAAgctagcTTTGTTGAATAAGGTTGCC3′ pD34m4
m5R 5′AAAgctagcTGGTGGTCCCCAGGTGTAACGGCTCCGCCC3′ pD34m5
m6R 5′AAAgctagcTGGTGGTCCCCCTTGTGCCAGG3′ pD34m6
m7R 5′GAAgctagcTGGTGTGCCCCAGGTTGCCC3′ pD34m7
m8R 5′AAAgctagcTGGAGGTCCCCAGGTTGCC3′ pD34m8
m9R 5′AAAgctagcTGGCGGTCCCCAGGTTGCC3′ pD34m9

The mutated nucleotides are underlined. The others are same as in Table 2.

TNF-alpha upregulates ACAT1 gene expression 1059
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Luciferase and b-galactosidase activities were measured as pre-
viously described (28).

RESULTS

TNFa promotes the formation of lipid-laden cells from
differentiating monocytes in part by enhancing the
ACAT1 gene expression

We first used human blood monocytes to test the effect
of TNFa on the formation of lipid-laden cells. The human
blood monocytes can slowly differentiate into macro-
phages when cultured on plastic with supplement of AB

serum in vitro (30). In our experiments, human blood
monocytes were cultured for 88 h. Under this condition,
they are known to express phenotypes characteristic of
both monocyte and macrophage, but not those character-
istic of mature macrophages (31, 32). We therefore desig-
nate these cells as differentiating monocytes in our current
manuscript. As shown in Fig. 1A, the lipid droplet staining
assay displayed that the relative lipid-laden cell were in-
creased to 1.5-, 2.3-, 3.3-, and 3.7-fold at the concentrations
2.5, 5, 10, and 20 ng/ml of TNFa, respectively. This result
indicated that TNFa significantly promoted the formation
of lipid-laden cells from human blood monocytes un-
der the culture condition employed. To address whether

Fig. 1. Formation of CE-laden cells promoted by TNFa correlates with enhancement of the ACAT1 expression. A: Formation of lipid-laden
cells from human blood differentiating monocytes promoted by TNFa. Human blood monocytes were cultured for 48 h, stimulated with
different concentrations of TNFa (0, 2.5, 5, 10, and 20 ng/ml) for 40 h, and then incubated with oxLDL (40 mg/ml) for another 48 h with-
out TNFa. Lipid-laden cells (lipid droplet positive cells) were then evaluated. The detailed treatment and evaluation methods are described
in “Materials and Methods.” The data represented the means6 SD from 5 fields of cells. B: Blockage of the TNFa-promoting lipid-laden cell
formation by ACAT inhibitor. Human blood monocytes were cultured for 48 h, stimulated with different concentrations of TNFa (0, 5, and
10 ng/ml) for 40 h, and then incubated with oxLDL (40 mg/ml) plus the ACAT inhibitor CP-113,818 (8 mM) for another 48 h without
TNFa. The detailed treatments and lipid droplet staining are described in “Materials and Methods.” Representative lipid droplet staining
images are shown. Scale bar, 20 mm. C: Quantification for blockage of the TNFa-promoting lipid-laden cell formation by ACAT inhibitor.
The lipid-laden cells in (B) were quantified and represented as (A). D: Cellular cholesterol assay. The cells were treated as (B) and the con-
tents of total and free cholesterols as well as proteins were measured as described in “Materials and Methods.” The CE content in each con-
dition was obtained from the difference of total and free cholesterol contents. The data shown as the ratio of CE and protein contents (mgCE /mg
protein) represented the means 6 SD from triplicate determinations. E: Immunoblotting of human ACAT1 protein. Human blood monocytes
were cultured for 48 h and stimulated with different concentrations of TNFa for 40 h the same as in (A) but without the oxLDL treatment.
Immunoblotting was performed as described in “Materials and Methods.” F: RT-qPCR analysis of human ACAT1 mRNA. Human blood
monocytes were cultured and treated the same as in (A). RT-qPCR analysis with the prepared total RNAs and appropriate primers are de-
scribed in “Materials and Methods.” The content of human ACAT1 mRNA was normalized to that of GAPDH mRNA in each condition.
The data shown as the relative ACAT1 mRNA (fold) were calculated from the normalized contents by setting the average content of that
without treatment to 1.0, and represented the means 6 SD from triplicate determinations. All of the experiments were repeated three
times with similar results.

1060 Journal of Lipid Research Volume 50, 2009
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ACAT is involved in the formation of lipid-laden cells pro-
moted by TNFa, we performed the inhibition assay by add-
ing the specific ACAT inhibitor CP-113,818, which inhibits
both ACAT1 and ACAT2 with almost equal efficiency (6).
The results showed that the ACAT inhibitor (8 mM) signifi-
cantly blocked the lipid-laden cell formation promoted by
TNFa at 5 and 10 ng/ml (Fig. 1B). Quantification revealed
that the ACAT inhibitor could completely block the pro-
moting effect of TNFa on the lipid-laden cell formation
(Fig. 1C). Furthermore, the results of cellular cholesterol
assay showed that the CE contents were increased with the
treatment of TNFa, and reduced when the ACAT inhibitor
was added (Fig. 1D). These results indicated that TNFa pro-
moted the lipid-laden cell formation and increased the CE
accumulation via ACAT. In human monocyte/macrophage

cells, the major enzyme synthesizing CEs is ACAT1 but not
ACAT2 (8). So we subsequently detected the effect of TNFa
on the human ACAT1 gene expression. Results of western
blot and RT-qPCR (Figs. 1E, 1F) showed that there was a
TNFa-dose-dependent increase of the human ACAT1 gene
expression at both protein and mRNA levels. These results
suggest that human ACAT1 gene might be a downstream
target of TNFa.

Next, we used human THP-1 monocytes to study the
promoting effect of TNFa on the formation of lipid-laden
cells. THP-1 cells can be induced to partly differentiate
and adhere to dishes from suspension by ATRA in the cul-
ture condition (33). The results from the differentiating
THP-1 monocytes induced by ATRA showed that, similar to
those results by using human blood monocytes, the forma-

Fig. 2. TNFa promotes the CE-laden cell formation and enhances the human ACAT1 gene expression via the NF-kB pathway. A: TNFa-
promoting effect on the lipid-laden cell formation from human THP-1 monocytes adhered by the ATRA treatment. Human THP-1 monocytes
were cultured with ATRA (1 mM) or ATRA plus different concentrations of TNFa (0, 2.5, 5, 10, and 20 ng/ml) for 40 h, and then incubated with
oxLDL (40mg/ml) for another 48 h without TNFa. The detailed treatments and lipid droplet staining are described in “Materials andMethods.”
The data were obtained and represented the same as in Fig. 1A. B: Blockage of the TNFa-promoting lipid-laden cell formation by the NF-kB and
ACAT inhibitors. THP-1 cells were treated with ATRA (1 mM) and TNFa (0 or 5 ng/ml) for 40 h. The NF-kB inhibitor PGA1 (15 mM) was added
30 min prior to stimulation of TNFa, and after stimulation of TNFa, the cells were incubated with the oxLDL (40 mg/ml) plus ACAT inhibitor
CP-113,818 (8 mM) for another 48 h without TNFa. The detailed treatments and lipid droplet staining are described in “Materials andMethods.”
Representative lipid droplet staining images are shown. Scale bar, 20mm. C: Quantification for blockage of the TNFa-promoting lipid-laden cell
formation by the NF-kB and ACAT inhibitors. The lipid-laden cells in (B) were quantified and represented the same as in Fig. 1A. D: Cellular cho-
lesterol assay. The cells were treated as (B) and the contents of total and free cholesterols as well as proteins weremeasured as described in “Materials
andMethods.”Thedata is represented the same as in Fig. 1D. E: Immunoblotting of humanACAT1protein. THP-1 cells were untreated (left lane) or
treatedwithATRA(1mM),TNFa (5ng/ml), PGA1(15mM)as indicated for 40h.TheNF-kB inhibitor PGA1was added 30min prior to stimulation
of TNFa. Immunoblotting was performed as described in “Materials and Methods.” F: RT-qPCR analysis of human ACAT1 mRNA. THP-1 cells
were treated as same as in (E). The content of humanACAT1mRNAwas normalized to that of GAPDHmRNA in each condition. The data were
obtained and represented the same as in Fig. 1F. All of the experiments were repeated three times with similar results.

TNF-alpha upregulates ACAT1 gene expression 1061
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tion of lipid-laden cells was significantly promoted (Fig. 2A)
and the CE accumulation was increased (Fig. 2D) with the
treatment of TNFa. These effects were effectively blocked
by adding the ACAT inhibitor (Figs. 2B, 2C, 2D). In THP-1
cells, the expression of human ACAT1 gene was also
enhanced in a TNFa-dose-dependent manner (data not
shown). Since TNFa can upregulate gene expression via
NF-kB pathway, we used the NF-kB inhibitor prostaglandin
A1 (PGA1) (34) to test whether NF-kB was involved in the
promoting effect of TNFa. The results showed that PGA1
could significantly block the TNFa-effects in promoting
the lipid-laden cell formation (Figs. 2B, 2C), in increasing
the cellular CE contents (Fig. 2D), and in enhancing the
expression of human ACAT1 gene at protein and mRNA
levels, respectively [Figs. 2E, 2F (right two tests)]. The ef-
fect of PGA1 was not observed in cells without TNFa stimu-
lation [Figs. 2E, 2F (left three controls)]. These results
show that NF-kB is required for enhancing the expression
of human ACAT1 gene by TNFa in the differentiating
THP-1 monocytes. Taken together, the above data indicate
that human blood- and cell line-derived differentiating
monocytes can be stimulated to form lipid-laden cells by
TNFa, and TNFa acts in part by enhancing the expression
of human ACAT1 gene through the NF-kB pathway.

The expression of human ACAT1 gene is specifically
enhanced in monocyte by TNFa

Many cytokines such as M-CSF, GM-CSF, MCP-1, IL-1b,
IL-6, IL-10, IFN-g, and TNFa are present in atherosclerosis

plaques (35). To investigate whether the enhancing effect
of TNFa on the human ACAT1 expression is specific to a
certain cytokine(s), human THP-1 monocytes without any
treatment were directly treated with the cytokines de-
scribed above individually to detect their possible effects
on the expression of both ACAT1 and ACTA2 genes. As
shown in Fig. 3, TNFa could also dramatically upregulate
the human ACAT1 but not ACAT2 gene expression at both
protein and mRNA levels; IL-1b could slightly increase the
expression of human ACAT1 gene, while all the other cyto-
kines tested had no obvious effect on the expression of both
ACAT genes. These results suggest that although many
kinds of cytokines are present in the atherosclerosis plaques,
TNFa may be the major one that directly upregulates the
expression of human ACAT1 gene to promote the forma-
tion of foam cells. Additional results showed that the ex-
pression of human ACAT1 gene [Fig. 3A (right panel) and
Fig. 3B (left panel)] can also be enhanced by lipopoly-
saccharide (LPS), an agent known to induce the production
of TNFa in various cell types (36).

To assess the cell type specificity, we then treated other
human cells, including monocytic (U937 and HL60) and
nonmonocytic (HeLa andHEK293) cells withTNFa and ex-
amined the ACAT1 gene expression. Results (Figs. 4A, 4B)
showed that TNFa could also enhance the expression of
human ACAT1 gene by about 2-fold at protein and mRNA
levels in the other monocytic cell lines U937 and HL60, but
it had no effect in the HeLa and HEK293 cells. We next in-
vestigated the effect of TNFa on the ACAT1 gene promoter

Fig. 3. Cytokine specificity of TNFa in upregulating the expression of human ACAT1 gene. A: Immunoblotting of human ACAT1 and
ACAT2 proteins. THP-1 cells were treated without or with M-CSF, GM-CSF, MCP-1, IL-6, IL-10, IFN-g, IL-1b, TNFa, and LPS individually at
the indicated concentrations for 40 h. Immunoblotting was performed as described in “Materials andMethods.”B: RT-qPCR analysis of human
ACAT1 and ACAT2mRNAs. THP-1 cells were treated as same as in (A). The content of human ACAT1 or ACAT2mRNAwas normalized to that
of GAPDH mRNA in each condition. The data were obtained and represented the same as in Fig. 1F. All of the experiments were repeated
three times with similar results.
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activity. We have previously reported that the maximal tran-
scription activity was located within the 159 base pairs from
–125 to 134 in the ACAT1 gene proximal promoter (28).
Therefore, the Luc construct containing this core region
was used to transfect into THP-1, U937, HL60, HeLa, and
HEK239 cells. The luciferase assay showed that the reporter
gene expression driven by human ACAT1 gene promoter
was significantly increased by TNFa in the THP-1, U937,
and HL60 monocytes, but not in nonmonocytic cells HeLa
and HEK239 (Fig. 4C). This result demonstrates that TNFa
can upregulate the expression of humanACAT1 gene by en-
hancing its promoter activity specifically in monocytes.

A NF-kB element responsible for the TNFa stimulation is
identified in the human ACAT1 gene proximal promoter

The above results showed that TNFa upregulated the
expression of human ACAT1 gene by enhancing its pro-
moter activity. We then explored if this enhancing effect
of TNFa depended on the binding of TNFa to its mem-
brane receptor. We used the Luc construct containing the
core region of humanACAT1 gene promoter as the probing
downstream target in intact cells. The results showed that
the effect of TNFa on the activity of human ACAT1 gene
promoter exhibited receptor-bound saturation effect, with
maximal enhancement when the concentration of TNFa
reached 25 ng/ml, and the enhancement increased with
the incubation time (Figs. 5A and 5B). This result indicated
that the TNFa-enhancing effect on the activity of the hu-
man ACAT1 gene promoter was consistent with the recep-

tor dependent process and in a time-dependent manner.
To further study whether the enhancement of the ACAT1
gene promoter activity by TNFa is through the downstream
NF-kB pathway, we used two NF-kB inhibitors, PGA1 and
PGJ2 (34), and an expression plasmid for a mutant of IkBa
to examine their influence at the promoter level. The lucif-
erase assays showed that, similar to PGA1 inhibiting the
TNFa-enhancing expression of human ACAT1 gene, both
PGA1 and PGJ2 could block this enhancing effect at pro-
moter level (Fig. 5C); as expected, the expression of the
exogenous IkBa with Ser32 and Ser36 mutations, which
are resistant to phosphorylation and degradation (37),
could diminish the TNFa-enhancing effect (Fig. 5D). In
addition, we tested the effect of inhibitors for other sig-
nal pathways (such as JNK, p38, Akt, MEK, and PKC), and
we found that these inhibitors did not significantly reduce
the TNFa-enhancing effect (data not shown).

All these results described above indicated that the NF-kB
pathway was required for the enhancement of human
ACAT1 gene promoter activity by TNFa, implying that this
promotermight contain a potential element responsible for
the TNFa-enhancing effect. To identify this element, we
first made a series of Luc constructs containing different
promoter fragments with the sequential 5′- and 3′-deletions;
the results demonstrated that aminimal 22-bp region (–100
to –79) was responsible for the TNFa-enhancing effect
(Fig. 6A). In this TNFa-responding region [Fig. 6B (boxed)],
there was a potential NF-kB site 5′GGGGACCACC3′ (–89
to –80), which is similar to the NF-kB consensus sequence

Fig. 4. Cell type specificity of TNFa in upregulating
the expression of human ACAT1 gene. A: Immuno-
blotting of human ACAT1 protein. Human mono-
cytes (THP-1, U937, and HL60) and nonmonocytic
cells (HeLa and HEK293) were directly treated with-
out or with TNFa (5 ng/ml) for 40 h. Immunoblot-
ting was performed as described in “Materials and
Methods.” B: RT-qPCR analysis of human ACAT1
mRNA. All the cells were treated the same as in (A).
The data were obtained and represented the same as
in Fig. 1F. C: Effect of TNFa on the human ACAT1
gene promoter activity. The Luc plasmid pM50 con-
taining the core region (–125/134) of humanACAT1
gene promoter was cotransfected with pCH110 (for
the expression of galactosidase) into human mono-
cytes (THP-1, U937, and HL60) and nonmonocytic
cells (HeLa and HEK293) as indicated in “Materials
and Methods.” 7 h after transfection, the cells were
treated without or with TNFa (5 ng/ml) for another
40 h and harvested for luciferase activity analysis as
described in “Materials and Methods.” The luciferase
activities were normalized to those of galactosidase
in each condition. The data shown as the relative
luciferase activities (fold) were calculated from the
normalized luciferase activities by setting the average
activities of that without TNFa stimulation to 1.0, and
represented the means 6 SD from triplicate determi-
nations. All of the experiments were repeated three
times with similar results.
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5′GGGRNNYYCC3′ (where R is purine and Y is pyrimidine)
(38). The further EMSA results (Fig. 6C) illustrated that
muchmore specific NF-kB-bound bands were formed upon
the TNFa treatment (comparing the lanes 3 with 2) and
supershifted by incubating with the anti-p65 and/or anti-
p50 antibodies (lanes 5, 6, and 7). These results supported
the interpretation that the NF-kB site in the human ACAT1
gene proximal promoter could function as an element that
was bound by the transcription factors p50 and p65 upon
theTNFa treatment. By site-specificmutation, this functional
NF-kB element was further confirmed in both the luciferase
assay (Fig. 6D) and the competition EMSA (Fig. 6E). Notice-
ably, the –82 nucleotide A (purine) was not in accord with
that (pyrimidine) of NF-kB consensus sequence, but re-
placement of this nucleotide by other nucleotides led to
much less effect of TNFa than that of wild-type [Figs. 6D

(bottom two) and 6E (lane 5)], indicating that this A was
the specific nucleotide of the unique NF-kB element in
the human ACAT1 gene proximal promoter.

DISCUSSION

In the current work, we have demonstrated that in both
human blood- and cell line-derived differentiating mono-
cytes, TNFa can promote the CE-laden cell formation, and
it acts in part by enhancing the ACAT1 gene expression.
The effect of TNFa was cytokine- and cell-type specific,
and it affected ACAT1 but not ACAT2. To provide a molec-
ular basis for the specificity observed, we then identified a
functional and unique NF-kB element within the human
ACAT1 gene proximal promoter, and showed that binding

Fig. 5. Involvement of the NF-kB pathway in enhancing the human ACAT1 gene promoter activity by TNFa.
A: Receptor-bound saturation of the TNFa effect. The Luc plasmid pM50 was cotransfected with pCH110
into THP-1 cells. 7 h after transfection, the cells were treated with the indicated concentrations of TNFa for
another 40 h and harvested for luciferase activity analysis. B: Time-course of the TNFa effect. The Luc plasmid
pM50 was cotransfected with pCH110 into THP-1 cells. 7 h after transfection, the cells were treated with TNFa
(5 ng/ml) for the indicated time and harvested for luciferase activity analysis. C: Blockage of TNFa effect by
NF-kB inhibitors. The constructed Luc plasmid pD34 containing the –125 to –79 region of human ACAT1
gene proximal promoter was cotransfected with pCH110 into THP-1 cells. 7 h after transfection, the cells were
treated without or with TNFa (5 ng/ml) for another 40 h and harvested for luciferase activity analysis. The
NF-kB inhibitor PGA1 (15 mM) or PGJ2 (6 mM) was added 30 min prior to stimulation of TNFa as indicated.
D: Blockage of TNFa effect by exogenous mutated IkBa (mIkBa). The constructed Luc plasmid pD34 was
cotransfected with pCH110 into THP-1 cells in the absence or presence of plasmid pRcb-mIkBa (for the ex-
pression of mIkBa). 24 h after transfection, the cells were treated without or with TNFa (5 ng/ml) for another
40 h and harvested for luciferase activity analysis. The data were expressed the same as in Fig. 4C. All of the
experiments were repeated three times with similar results.

1064 Journal of Lipid Research Volume 50, 2009

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Fig. 6. Identification of a unique NF-kB element responsible for the enhancement of the human ACAT1
gene promoter activity by TNFa. A: Luciferase activity assays for identification of the TNFa-responding re-
gion by stepwise deletions of human ACAT1 gene proximal promoter. The Luc pM50 and its derived plasmids
(shown in the left panel) containing serial 5′- and 3′-deletions as indicated between –125 and 134 of the
ACAT1 gene promoter core region were individually cotransfected with pCH110 into THP-1 cells. 7 h after
transfection, the cells were treated without or with TNFa (5 ng/ml) for another 40 h and harvested for lucif-
erase activity analysis. The data were expressed the same as in Fig. 4C. Gray bar, specificity protein 1 (Sp1) site;
broken bar, deletion region; black bar, region responsible for TNFa effect (–100 to –79); Luc, open reading
frame region of luciferase gene. B: TNFa-responding region located in the human ACAT1 gene proximal pro-
moter. The 22-bp TNFa-responding region (boxed) contained the NF-kB site (bold). Asterisks indicate the
three major transcription initiation sites. C: EMSA for binding of p50 and p65 to the NF-kB element. A synthe-
sized DNA fragment (–95 to –75) containing the NF-kB element in human ACAT1 gene promoter was labeled
as a probe (left bottom) and nuclear extracts (NE) were prepared as described in “Materials andMethods.” The
[32P]labeled probe (0.1 pmol) was incubated in the absence or presence of NE (6 mg protein) of THP-1 cells
treated without (C) or with TNFa (T). NE were preincubated with 100-fold excess cold probe (lane 4) or with
2 mg anti-p65 and/or anti-p50 antibodies (lanes 5, 6, and 7) for 10 min. The binding bands and supershift bands
of NF-kB were indicated as NF-kB and S on left, respectively. D: Luciferase activity assays for identification of the
NF-kB element by site-specific mutations. The Luc pD34 and its derived plasmids (shown on the left panel)
containing various nucleotide mutations (underlined) in the TNFa-responding region were individually
cotransfected with pCH110 into THP-1 cells. 7 h after transfection, the cells were treated without or with TNFa
(5 ng/ml) for another 40 h and harvested for luciferase activity analysis. The data were expressed same as in
Fig. 4C. All symbols are represented the same as in (A). E: Competition EMSA. A synthesized DNA fragment
(–95 to–75) containing theNF-kBelement inhumanACAT1 genepromoter was labeled as a probe (left bottom)
and nuclear extracts (NE) were prepared as described in “Materials and Methods.”.The [32P]labeled probe
0.1 pmol) was incubated in the absence or the presence of NE (6mg protein) of THP-1 cells treated with TNFa
(T). NE were preincubated individually with 100-fold excess wild-type (lane 3) or mutated (lanes 4 and 5) cold
probe and positive (lane 6) or negative (lane 7) control competitor for 10 min. Sequences of the mutated
cold probes (kBm1 and kBm8) and positive and negative control competitors (kBcon and AP-1) were de-
scribed in “Materials and Methods.” The binding bands of NF-kB were indicated as NF-kB on left. Arrows,
nonNF-kB-bound specific bands; asterisk, nonspecific band. All of the experiments were repeated three times
with similar results.
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of the transcription factor NF-kB to this element was re-
quired to stimulate the human ACAT1 gene promoter
activity in response to TNFa.

Earlier work has shown that in fibroblast and cholesterol-
loaded human macrophages, high concentration of TNFa
(60 ng/ml) can increase the CE contents; it acts in part by ac-
tivating cell membrane-associated neutral sphingomyelinase
(39, 40). These investigators did not examine the ACAT
gene expression in these studies. The expression of human
ACAT1 gene was shown to be increased during the mono-
cyte differentiation process in vitro (11, 41). In addition,
TNFa is shown to increase the ACAT1 activity in phorbol
ester-induced THP-1 macrophages (42); however, the mo-
lecular mechanism involved was not reported. Whether
TNFa regulates ACAT1 gene expression in differentiating
monocytes has not been reported. In this work, we showed
that TNF-a at low concentration (2.5-5 ng/ml) promotes
the CE-laden cell formation in differentiating human blood
monocytes and THP-1monocytes without the phorbol ester
treatment, and we showed that TNF-a acts in part by en-
hancing the ACAT1 expression (Figs. 1–3). Our current
results may help to explain the various proatherogeneic ef-
fects of TNFa that have been observed in model animals
and may also help to explain the earlier finding that in vivo,
the ACAT1 protein content is highly expressed in resident
macrophages of human atherosclerotic lesions (11).

In addition to the TNFa effect demonstrated here, we
previously showed that in monocyte/macrophage, the ex-
pression of the human ACAT1 gene was synergistically up-
regulated by interferon-g, a cytokine that exerts many
proatherosclerotic effects in model animals (16, 28) with
ATRA. Other laboratories have shown that the cytokine
transforming growth factor-b1 (TGF-b1) also increases
ACAT1 activity in human monocytes (43). In addition,
urotensin II, the potent vasoconstrictor peptide that leads
to hypertension and atherosclerosis in humans, was shown
to upregulate the ACAT1 gene expression in humanmacro-
phages (44). In contrast, the human ACAT1 gene expres-
sion was downregulated by adiponectin, an adipocytokine
that exerts many antiatherosclerotic effects in cell cul-
ture studies (45). Together, these results suggest that cyto-
kine regulation of ACAT1 gene expression in monocytes/
macrophages plays important roles in the initiation and pro-
gression of atherosclerosis. Our current work also supports
the hypothesis that blocking ACAT1 activity is beneficial
during the early stage of atherosclerosis. Experimentally,
in a mouse model for atherosclerosis, partial inhibition of
ACAT1 activity by an ACAT1-specific inhibitor K604 re-
duced the CE content at the atherosclerogenic lesions
and caused regression of the atherosclerotic plaques with-
out altering the overall serumcholesterol levels in the treated
animals (46). However, complete inhibition of ACAT1 by
gene inactivation in macrophages produced severe cyto-
toxicity and enlarged the atherosclerotic lesions (47, 48).
In addition, when rodent macrophage cell lines were grown
under conditions with minimal cellular cholesterol efflux
(a situation that may occur in advanced atherosclerotic
lesions), addition of isotype nonspecific ACAT inhibi-
tors to the cells caused undesirable build up of cellular free

(unesterified) cholesterol and led to the cells undergoing
apoptosis (49). It is possible that ACAT, through its enzy-
matic product CE and/or substrate free cholesterol, plays
different roles at different stages of atherosclerosis. Further
experimentation is needed to evaluate the pros and cons of
ACAT inhibitors in treating atherosclerosis.

TNFa is involved in the progression of atherosclerosis in
various stages. Most of the TNFa effects reported are pro-
atherosclerotic (18–20). Recently, in a model system for ad-
vanced lesions, TNFa was shown to induce ABCA1 mRNA
and protein and promote cellular cholesterol efflux in
macrophages, and it may help to limit plaque development
(50). It is possible that TNFamay exhibit proatherosclerotic
effects in early development of atherosclerosis and certain
antiatherosclerotic effects in advanced lesions. Further ex-
perimentation is required to test this hypothesis.

The authors thank our colleagues Guang-Jing Hu, Ming Lu, and
Jia-Jia Xu for helpful discussion during this study. The authors
thank Dr. Jian-Guo Geng for the plasmid pRC/b-actin-mIkBa
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