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ABSTRACT  
 
Macrophage-derived foam cells play a prominent role in the initiation and 
progression of the atherosclerotic plaque. Expression of genes responsible 
for macrophage lipid homeostasis and their regulation by lipid loading and 
inflammatory mediators, such as LPS, is essential for preventing foam cell 
formation. We investigated the effect of foam cell formation on the response 
of macrophages to LPS with a specific emphasis on the expression of lipid 
related genes. To induce foam cells, murine macrophage RAW 264.7 cells 
were incubated with β-VLDL for 24 hours. Subsequently, cells were 
incubated with LPS for 6 hours and expression of inflammatory and lipid 
related genes were analysed using quantitative real-time PCR-analysis. β-
VLDL loading of the macrophages reduced basal, but not LPS induced 
TNF-α gene expression and secretion. The effect of LPS on gene 
expression of LRP-1, SR-BI, ABCG1, PPARγ, LXRβ, SREBP-1 and 
SREBP-2 was similar for both control cells and cells pre-incubated with β-
VLDL. However, the effect of LPS on the expression of LDLr, ABCA1, 
apoA-I, apoE and PPARα was potentiated, attenuated or even reversed by 
preloading of the cells with lipids. These data point to an interaction 
between lipid metabolism and inflammation in macrophages, which is likely 
to modulate the pathogenesis of atherosclerosis. 
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INTRODUCTION 
 
One of the early steps in atherosclerosis involves the infiltration of 
circulating monocytes into the vessel wall in response to the enhanced 
expression of adhesion molecules and chemoattractants by activated 
endothelial cells. Subsequently, the infiltrated monocytes differentiate into 
macrophages and transform into foam cells as a result of accumulation of 
cholesteryl esters from modified lipoproteins. These foam cells play a 
prominent role in the initiation and progression of the atherosclerotic 
plaque1-3. 
Several lipoproteins, such as β-very low-density lipoprotein (β-VLDL), a 
lipoprotein naturally induced by cholesterol-rich feeding of animals4,5, or 
experimentally modified lipoproteins including acetylated low-density 
lipoprotein (acLDL) and oxidized LDL (oxLDL)6,7, induce in vitro foam cell 
formation. Cholesterol efflux from the macrophage/foam cell is another 
important process in the development of foam cell formation, because foam 
cell formation is the result of an imbalance in cholesterol homeostasis8.  
The transformation of macrophages into foam cells can be affected by a 
variety of factors, amongst which inflammatory mediators such as 
lipopolysaccharide (LPS)9. LPS is a component of the membrane of Gram-
negative bacteria and, when released from bacteria, is one of the most 
potent inducers of inflammation. LPS activates monocytes and 
macrophages leading to the production of cytokines such as tumor necrosis 
factor (TNF)-α, interleukin (IL)-1β and IL-6, which serve as endogenous 
mediators of inflammation through interactions with various target cells10. In 
addition, LPS is able to alter lipid metabolism in macrophages by affecting 
expression of lipid metabolism related genes9,11,12.   
Recent studies show the effect of foam cell formation on the inflammatory 
response of macrophages to LPS13-16. However, until now, it is unknown 
whether foam cell formation also affects the expression of lipid related 
genes in response to LPS. In the present study, we investigated how β-
VLDL mediated foam cell formation affects the response of RAW 264.7 
murine macrophage cells to LPS with a specific emphasis on the 
expression of lipid related genes. This response is highly relevant as these 
genes in concert with the inflammatory genes will determine the regression 
capacity of existing foam cells and, thus, of atherosclerotic lesion formation. 
 
 
MATERIALS AND METHODS 
 
Isolation of β-VLDL 
β-VLDL was obtained from rats fed a RMH-B diet containing 2% 
cholesterol, 5% olive oil, and 0.5% cholic acid for 2 weeks (Abdiets). The 
rats were fasted overnight and anesthetized after which blood was collected 
by puncture of the abdominal aorta. Serum was centrifuged at 40,000 rpm 
in a discontinuous KBr gradient for 18 hours as reported earlier17. β-VLDL 
was collected and dialysed against phosphate buffered saline (PBS) 
containing 1 mM EDTA. Isolated β-VLDL was characterized as described 
by Van Eck et al18. Animal experiments were performed at the Gorlaeus 
Laboratories of the Leiden/Amsterdam Center for Drug Research in 
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accordance with the national laws. The Ethics Committee for Animal 
Experiments of Leiden University approved all experimental protocols. 
 
Cell culture and treatment 
RAW 264.7 murine macrophage cells were cultured in complete medium 
containing DMEM supplemented with 10% fetal bovine serum, 100 IU/ml 
penicillin and 100 μg/ml streptomycin (P/S) and 4 mM L-glutamine (all from 
BioWitthaker™) at 37°C in an humidified atmosphere with 5% CO2. Unless 
stated otherwise, RAW cells (0.75x105) were seeded in 24-well plates for 16 
hours, after which non-adherent cells were removed and adherent cells 
were loaded with 50 μg/ml β-VLDL in complete medium for 24 hours. Cells 
were washed twice with PBS to remove excess β-VLDL and serum-
components. Subsequently, cells were incubated for 6 hours with 50 ng/ml 
LPS from Salmonella minnesota R595 (List Biological Laboratories Inc) in 
DMEM supplemented with 0.2% bovine serum albumin, P/S and 4 mM L-
glutamine. 
 
TNF-α detection 
After treatment of the RAW cells with β-VLDL and LPS, supernatant was 
collected and analysed for TNF-α levels by ELISA (OptEIA kit, 
PharMingen).  
 
Lipid accumulation 
RAW cells were seeded on cover glasses (12-mm from Menzel GmbH & Co 
KG) in a 24-well plate, after which they were incubated with β-VLDL and 
LPS as described above. Cells were stained for lipid accumulation with oil 
red O (Sigma) and photographed using a Leica DMRE microscope (1000× 
magnification) coupled to a video camera.  
 
Gene expression 
After treatment with β-VLDL and LPS, cells were washed with ice-cold PBS 
and lysed using TriZol® reagent (Invitrogen Life technologies). RNA was 
isolated from cell lysates according to manufacturer’s instruction and 
reverse transcribed using RevertAid™ reverse transcriptase. Gene 
expression analysis was performed using real-time SYBR Green 
technology (Eurogentec) with the primers displayed in Table 1. 
Hypoxanthine-guanine phosphoribosyltransferase (HPRT), β-actin and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as 
standard housekeeping genes. Relative gene expression numbers were 
calculated by subtracting the threshold cycle number (Ct) of the target gene 
from the average Ct of housekeeping genes and raising 2 to the power of 
this difference. The average Ct of three housekeeping genes was used to 
exclude that changes in the relative expression were caused by variations 
in the separate housekeeping gene expressions. The average Ct values for 
housekeeping genes did not differ significantly between the groups. 
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Table 1: Primers for quantitative real-time PCR analysis 
 

 

Gene 
 

 

GenBank 
Accession  

 

Forward primer 
 

Reverse Primer 
 

β-actin 
 

X15267 
 

GGACCCGAGAAGACCTCCTT 
 

GCACATCACTCAGAATTTCAATGG 
ABCA1 NM013454 GGTTTGGAGATGGTTATACAATAGTTGT TTCCCGGAAACGCAAGTC 
ABCG1 NM009593 AGGTCTCAGCCTTCTAAAGTTCCTC TCTCTCGAAGTGAATGAAATTTATCG 
ApoA-I NM009692 ACTCTGGGTTCAACCGTTAGTCA TCCCAGAAGTCCCGAGTCA 
ApoE NM009696 AGCCAATAGTGGAAGACATGCA GCAGGACAGGAGAAGGATACTCAT 
GADPH NM008084 TCCATGACAACTTTGGCATTG TCACGCCACAGCTTTCCA 
HPRT J00423 TTGCTCGAGATGTCATGAAGGA AGCAGGTCAGCAAAGAACTTATAG 
LDLr Z19521 CTGTGGGCTCCATAGGCTATCT GCGGTCCAGGGTCATCTTC 
LRP-1 NM008512 TGGGTCTCCCGAAATCTGTT ACCACCGCATTCTTGAAGGA 
LXRβ NM009473 AAGCTGGTGAGCCTGCGC CGGCAGCTTCTTGTCCTG 
PPARα NM011144 TGAACAAAGACGGGATG TCAAACTTGGGTTCCATGAT 
PPARγ NM011146 CATGCTTGTGAAGGATGCAAG TTCTGAAACCGACAGTACTGACAT 
SR-BI NM016741 GGCTGCTGTTTGCTGCG GCTGCTTGATGAGGGAGGG 
SREBP-1 AB017337 GACCTGGTGGTGGGCACTGA AAGCGGATGTAGTCGATGGC 
SREBP-2 AF374267 TGAAGCTGGCCAATCAGAAAA ACATCACTGTCCACCAGACTGC 
TNF-α X02611 GCCAGCCGATGGGTTGTA AGGTTGACTTTCTCCTGGTATGAGA 

 
Immunoblotting 
RAW cells (3.0x105) were seeded in a 6 well-plate, after which they were 
treated with β-VLDL and LPS as described above. Subsequently, cells were 
washed with ice-cold PBS and lysed in 50 mM Tris-HCl, 150 mM NaCl, 1% 
Triton X-100, 0.5% deoxycholate, 1% SDS containing 0.02 µg/ml leupeptin, 
0.02 µg/ml aprotinin, and 0.02 µg/ml trypsin inhibitor. Cell debris was 
removed by centrifugation at 10,000 rpm for 10 min. Equal amounts of 
protein (25 μg) were separated on 7.5% SDS-PAGE gels and 
electrophoretically transferred to Protran nitrocellulose membrane 
(Schleicher & Schnell). Immunolabeling was performed using rabbit 
polyclonal SR-BI (amino acids 496-509 from Abcam) as primary antibody 
and goat-anti-rabbit IgG (Jackson ImmunoResearch) as secondary 
antibody. Finally, immunolabeling was detected by enhanced 
chemiluminescence (ECL plus, Amersham Biosciences), scanned by a 
Typhoon 9400 variable mode imager (Amersham Pharmacia Biotech) and 
analysed using ImageQuant™ software (Amersham Pharmacia Biotech). 
 
 
RESULTS 
 
Foam cell formation 
In order to study the effect of foam cell formation on LPS induced changes 
in lipid related gene expression, we first established foam cell formation. β-
VLDL, a cholesteryl ester (CE)-rich lipoprotein present in the plasma of 
animals fed a cholesterol rich diet4, is able to induce foam cell formation19,20. 
RAW 264.7 cells were incubated with 50 μg/ml β-VLDL for 24 hours, after 
which the cells were stained using oil red O to determine the extent of lipid 
accumulation. Control cells (Fig. 1A) and cells treated with 50 ng/ml LPS for 
6 hours (Fig. 1B), did not show any lipid accumulation, whereas foam cell 
formation was clearly visible in the cells treated with 50 μg/ml β-VLDL (Fig. 
1C). LPS treatment for 6 hours did not affect the lipid accumulation in cells 
pre-incubated with β-VLDL (Fig. 1D).   
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A                                     B  
 Fig. 1: Effect of LPS and β-

VLDL on intracellular lipid 
accumulation. A/B RAW 
cells were cultured for 24 
hours in complete medium, 
after which they were 
incubated for 6 hours with A 
serum-free medium or B LPS 
in serum-free medium. C/D 
RAW cells were incubated 
with β-VLDL in complete 
medium for 24 hours, after 
which were incubated for 6 
hours with C serum-free 
medium or D LPS in serum-
free medium. All cells were 
stained for lipid accumulation 
using oil red O, after which 
they were photographed. 

 
 
 
 
 
 
 
 

C                    D  
 
 
 
 
 
 
 
 

 

 
TNF-α response 
Lipid loading has been shown to influence basal and LPS induced TNF-α 
secretion13-16,21, but the effects differed remarkably between the types of 
lipoprotein used. To investigate the effect of β-VLDL induced lipid loading 
on TNF-α, we treated RAW cells with 50 μg/ml β-VLDL for 24 hours. 
Subsequently, cells were incubated with 50 ng/ml LPS in serum-free 
medium for 6 hours. RNA of the cells was isolated for the detection of TNF-
α gene expression by quantitative real-time PCR and supernatant was 
collected to analyse TNF-α secretion by ELISA. As expected, LPS 
treatment resulted in a 3.18-fold induction of TNF-α gene expression. 
Interestingly, the basal gene expression level of TNF-α was significantly 
1.29-fold decreased by incubation with β-VLDL. However, pre-incubation 
with β-VLDL did not prevent or inhibit the TNF-α inducing effect of LPS (Fig. 
2A). These effects of β-VLDL and LPS were even more profound on TNF-α 
secretion. β-VLDL induced lipid loading resulted in a 1.82-fold decrease in 
basal TNF-α secretion, whereas LPS treatment led to a 15.3-fold higher 
TNF-α secretion. Again, pre-incubation with β-VLDL did not affect LPS 
induced TNF-α secretion (Fig. 2B).  
 
A       B Fig. 2: Effect of LPS and β-VLDL on TNF-α. 

RAW cells were incubated with β-VLDL in 
complete medium for 24 hours, after which 
they were incubated for 6 hours with LPS in 
serum-free medium. A Quantitative real-time 
PCR was used to determine the gene 
expression of TNF-α. Values are expressed as 
relative gene expression compared to 
housekeeping gene expression (arbitrary 
units). B Supernatant was analysed for TNF-α 
levels by ELISA. All values are expressed as 
mean±SEM. Significant differences compared 
to control: *, significant differences compared 
to β-VLDL: ^  
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Receptors for β-VLDL 
Several studies show that LPS and/or lipid loading influences the 
expression of low-density lipoprotein receptor (LDLr), LDLr related protein 
(LRP)-1 and scavenger receptor class B, type I (SR-BI)11,12,22-26, which are 
all involved in β-VLDL uptake. To investigate whether β-VLDL loading 
modulates the effects of LPS on these genes, RAW cells were treated with 
β-VLDL and/or LPS as described above, after which RNA was isolated for 
quantitative real-time PCR-analysis. Treatment of cells with LPS resulted in 
a significant 1.49-fold decrease in LDLr gene expression and treatment with 
β-VLDL led to a strong 7.01-fold decrease. Strikingly, pre-incubation with β-
VLDL did not only prevent further downregulation of LDLr gene expression 
by LPS, but in cells pre-incubated with β-VLDL, LDLr gene expression was 
even significantly 1.46-fold upregulated after LPS treatment (Fig. 3A). LRP-
1 gene expression was significantly 2.05-fold downregulated by LPS, but 
was not affected by β-VLDL. Also pre-incubation of cells with β-VLDL, did 
not affect the ability of LPS to reduce LRP-1 gene expression (Fig. 3B). 
Both LPS and β-VLDL significantly decreased SR-BI gene expression 2.33-
fold and 2.63-fold, respectively. After pre-incubation with β-VLDL and 
treatment with LPS, SR-BI gene expression was 9.09-fold lower than in 
control cells (Fig. 3C). However, we did not observe an effect of LPS on 
SR-BI protein levels compared to control cells. On the other hand, β-VLDL 
was able to reduce SR-BI protein levels 2.65-fold (p<0.01) compared to 
control and, strikingly, LPS was able to induce a 2.0-fold decrease of SR-BI 
protein levels in β-VLDL pre-treated cells (p<0.05, Fig. 3D). In addition, we 
analysed gene expression of the VLDL receptor (VLDLr) and CD36, which 
are also involved in lipoprotein uptake. VLDLr gene expression was not 
detectable in our system and the expression of CD36 was not affected by β-
VLDL and/or LPS (data not shown).  
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Fig. 3: Effect of LPS and β-VLDL on LDLr, LRP-1 and SR-BI. RAW cells were incubated 
with β-VLDL in complete medium for 24 hours, after which they were incubated for 6 hours 
with LPS in serum-free medium. Quantitative real-time PCR was used to determine the gene 
expression of A LDLr, B LRP-1 and C SR-BI. Values are expressed as relative gene 
expression compared to housekeeping gene expression (arbitrary units) and expressed as 
mean±SEM. Significant differences compared to control: *, significant differences compared to 
LPS: #, significant differences compared to β-VLDL: ^. D SR-BI protein levels were determined 
by western blot. 
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Cholesterol efflux mediators 
LPS and lipid loading are also known to influence cholesterol efflux by 
affecting the expression of ATP-binding cassette (ABC) transporters 
ABCA1 and ABCG112,24,26,27. The gene expression of ABCA1 in control cells 
showed a tendency (p=0.1) towards a 1.41-fold downregulation by LPS 
treatment, whereas incubation with β-VLDL significantly increased the gene 
expression 1.76-fold. Strikingly, after β-VLDL pre-incubation, LPS 
significantly increased the ABCA1 gene expression 2.77-fold compared to 
the expression in control cells and this expression was significantly higher 
(1.57-fold) than the expression in cells treated with β-VLDL alone (Fig. 4A). 
LPS significantly reduced ABCG1 gene expression 2.27-fold and β-VLDL 
significantly induced the expression 1.5-fold. ABCG1 gene expression upon 
LPS treatment after pre-incubation with β-VLDL was significantly higher 
than after LPS alone and significantly lower than after β-VLDL alone (Fig. 
4B), indicating that LPS and β-VLDL affect ABCG1 gene expression in a 
contrasting manner. Apolipoprotein (apo)A-I and apoE play an important 
role in cholesterol efflux as extracellular cholesterol acceptors. In addition, 
apolipoproteins, such as apoA-I and apoE, play a crucial role in the 
protective effects of lipoproteins on biological responses to LPS, as 
reviewed by Berbee et al28. Both LPS and β-VLDL alone did not affect 
apoA-I gene expression. Strikingly, after pre-incubation with β-VLDL, the 
cells strongly responded to LPS by upregulating apoA-I gene expression 
5.96-fold (Fig. 4C). In contrast, LPS significantly reduced apoE gene 
expression 1.64-fold and β-VLDL alone had no effect, but after β-VLDL pre-
incubation, LPS was no longer able to affect apoE gene expression (Fig. 
4D). 
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Fig. 4: Effect of LPS and β-VLDL on ABCA1, ABCG1, ApoA-I and ApoE. RAW cells were 
incubated with β-VLDL in complete medium for 24 hours, after which they were incubated for 6 
hours with LPS in serum-free medium. Quantitative real-time PCR was used to determine the 
gene expression of A ABCA1, B ABCG1, C ApoA-I and D ApoE. Values are expressed as 
relative gene expression compared to housekeeping gene expression (arbitrary units) and 
expressed as mean±SEM. Significant differences compared to control: *, significant differences 
compared to LPS: #, significant differences compared to β-VLDL: ^.  
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Nuclear receptors and transcription factors 
Peroxisome proliferator-activated receptors (PPAR), liver X receptors (LXR) 
and sterol-regulatory element binding proteins (SREBP) are involved in the 
transcriptional regulation of many lipid related genes, such as the genes 
discussed above. The gene expression of these nuclear receptors are 
affected by LPS and/or lipid loading24,27,29. Interestingly, PPARα gene 
expression was not affected by LPS and β-VLDL alone, but was almost 10-
fold upregulated by LPS after pre-incubation with β-VLDL (Fig. 5A). Gene 
expression of PPARγ was significantly 4.0-fold downregulated by LPS, but 
was not affected by β-VLDL. Pre-incubation of cells with β-VLDL did not 
affect the ability of LPS to reduce PPARγ gene expression (Fig. 5B). In our 
experimental set-up, LPS and/or β-VLDL did not affect gene expression of 
PPARδ and LXRα (data not shown). LXRβ gene expression was 
significantly decreased 1.47-fold and 1.43-fold by LPS and β-VLDL, 
respectively. LPS was able to further decrease LXRβ gene expression to a 
1.96-fold lower level than in control cells (Fig. 5C). SREBP-1 gene 
expression was also significantly decreased to similar levels by LPS and β-
VLDL, 1.92-fold and 2.01-fold respectively. After pre-incubation with β-
VLDL, LPS treatment resulted in a 3.17-fold decrease in gene expression of 
SREBP-1 compared to the expression in control cells (Fig. 5D). LPS 
significantly 1.73-fold downregulated SREBP-2 gene expression and β-
VLDL decreased the expression 4.0-fold. LPS was able to further decrease 
the gene expression of SREBP-2 to a 6.67-fold lower level than in control 
cells (Fig. 5E).  
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Fig. 5: Effect of LPS and β-VLDL on PPARα, PPARγ, LXRβ, 
SREBP-1 and SREBP-2. RAW cells were incubated with β-VLDL in 
complete medium for 24 hours, after which they were incubated for 6 
hours with LPS in serum-free medium. Quantitative real-time PCR 
was used to determine the gene expression of A PPARα, B PPARγ, 
C LXRβ, D SREBP-1 and E SREBP-2. Values are expressed as 
relative gene expression compared to housekeeping gene expression 
(arbitrary units) and expressed as mean±SEM. Significant differences 
compared to control: *, significant differences compared to LPS: #, 
significant differences compared to β-VLDL: ^ 
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DISCUSSION  
 
Recent studies have shown that lipid loading of macrophages influences 
their inflammatory status and their response to inflammatory stimuli, such 
as LPS13-16. LPS not only induces a pro-inflammatory response in 
macrophages, but it also affects the expression of many lipid related 
genes9,11,12, which play an important role in foam cell formation and, thus, in 
atherosclerotic lesion development. In the current study we investigated 
whether foam cell formation using β-VLDL alters the response of 
macrophages to LPS with a specific emphasis on the expression of lipid 
related genes. 
In human monocyte-derived macrophages, VLDL treatment induced basal 
TNF-α secretion and potentiated LPS induced TNF-α secretion15. In 
contrast, we now show that β-VLDL reduced basal TNF-α secretion and did 
not affect LPS induced TNF-α secretion. The discrepancy between the 
effects of VLDL and β-VLDL on TNF-α can probably be explained by the 
composition of these lipoproteins: VLDL is rich in triglycerides, whereas β-
VLDL is a CE-rich lipoprotein. In line with this hypothesis, acLDL, another 
CE-rich lipoprotein, has been found to reduce the inducibility of TNF-α in 
human monocyte-derived macrophages16. In addition, oxLDL affects the 
responsiveness of macrophages to LPS13,30,31, however, this lipoprotein has 
characteristics, which are greatly different from β-VLDL, such as inducing 
apoptosis. 
We showed that LPS affected the expression of various lipid related genes 
in control and β-VLDL pre-incubated macrophages. However, we did not 
observe any effect of LPS on the intracellular lipid accumulation because of 
our experimental set-up. Control cells showed no lipid accumulation, 
indicating that complete medium did not contain foam cell inducers. Cells 
(pre-) incubated with β-VLDL did accumulate lipids, after which they were 
carefully washed to remove excess β-VLDL and serum-components. At the 
time of LPS exposure, no cholesterol donors or acceptors were present, 
explaining why LPS did not cause a difference in lipid accumulation despite 
the many effects on the expression of lipid related genes.      
We find that LRP-1 is one of the lipid related genes affected by LPS in RAW 
cells. In fact, LPS was able to reduce LRP-1 expression level in both control 
cells and cells pre-incubated with β-VLDL. In agreement, LaMarre et al 
demonstrated that LRP-1 expression was markedly decreased by LPS and 
interferon-γ in RAW cells11. In adipocytes, PPARγ has been shown to 
regulate LRP-1 gene expression and function32. We suggest that LRP-1 
gene expression in macrophages is also regulated by PPARγ, because the 
gene expression of PPARγ, like LRP-1, was downregulated by LPS in 
control cells as well as in cells pre-incubated with β-VLDL. The 
downregulation of PPARγ by LPS was observed earlier in brown 
adipocytes33, but we are the first to report this effect of LPS in 
macrophages.  
In mouse heart and liver, LPS reduced PPARα expression34,35, but no effect 
of LPS on macrophage PPARα was reported before. Hoekstra et al showed 
that feeding rats an atherogenic diet increased β-VLDL levels and led to a 
large increase in PPARα expression in Kupffer cells24. We noticed that β-
VLDL alone does not alter PPARα expression in RAW cells, but pre-
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incubation with β-VLDL made the cells sensitive for LPS induced 
upregulation of PPARα. The effect on PPARα in Kupffer cells observed by 
Hoekstra et al might be an indirect effect of the increased β-VLDL levels 
making the Kupffer cells more sensitive for PPARα induction by 
inflammatory mediators. 
Strikingly, the same pattern in gene expression of PPARα was observed for 
apoA-I in our experiments, suggesting a direct link between expression of 
PPARα and apoA-I. In agreement, hepatic mRNA levels and plasma levels 
of apoA-I are regulated by specific PPARα agonists36,37. However, until 
now, it is believed that macrophages do not express or synthesize apoA-I. 
We are the first to report mRNA expression of apoA-I in macrophages and 
an increase in apoA-I expression by LPS in cells pre-incubated with β-
VLDL, possibly mediated by PPARα. Further research is needed to find out 
whether the rise in apoA-I mRNA levels leads to actual synthesis of apoA-I 
in macrophages and to unravel the implications for cholesterol efflux.  
The gene expression of apoE, another apolipoprotein, was found to be 
downregulated by LPS in mouse kidney27 and upregulated by VLDL in 
mouse peritoneal macrophages38. In agreement, we did show a 
downregulation of apoE gene expression in RAW cells caused by LPS, but, 
in contrast, loading of these cells with β-VLDL did not affect apoE gene 
expression. However, pre-incubation of RAW cells with β-VLDL abolished 
the inhibiting effect of LPS on apoE expression, indicating that treatment 
with β-VLDL removed the responsiveness of these cells to LPS induced 
downregulation of apoE expression.  
ABCA1 and ABCG1 prevent accumulation of excess cholesterol and the 
expression of these cholesterol transporters is regulated by LPS and lipid 
loading12,24,26,27. As expected from literature, downregulation of ABCG1 and, 
at least a trend towards, downregulation of ABCA1 by LPS was observed in 
our experiments. In addition, β-VLDL loading of the cells resulted in an 
increase of ABCA1 and ABCG1 gene expression in an attempt to remove 
excess cholesterol from RAW cells. Pre-incubation with β-VLDL did not 
affect the ability of LPS to downregulate ABCG1 expression, but it 
completely reversed the effect of LPS on ABCA1 expression in RAW cells 
from reduction into induction.       
The responsiveness of RAW cells to LPS effects on LDLr expression was 
also changed by pre-incubation with β-VLDL. In line with literature22,39, LDLr 
expression in RAW cells was decreased by LPS treatment and strongly 
decreased by β-VLDL loading. After pre-incubation with β-VLDL, LPS was 
not longer able to further reduce LDLr expression, but even slightly 
increased LDLr expression compared to the expression in cells loaded with 
β-VLDL. 
The changes in SREBP-1, SREBP-2 and LXRβ gene expression induced 
by LPS and/or β-VLDL shared the same pattern. Both LPS and β-VLDL 
downregulated the expression of these genes and LPS was also able to 
further reduce the expression in β-VLDL loaded cells. In contrast with our 
data, Wang et al showed that LXRα gene expression was suppressed and 
LXRβ was unaffected by LPS in mouse kidney27, while we show that LXRβ 
was downregulated and LXRα was unaffected by LPS in RAW cells. In 
agreement with our data, they observed a decrease in the expression of 
diverse LXR target genes, such as apoE, ABCA1, ABCG1 and SREBP-1. 

 78



β-VLDL alters LPS induced expression of lipid related genes 
 

SREBP-2 is suggested to be involved in the regulation of the expression of 
LRP-1, because LDL induced LRP-1 upregulation is reduced by an inhibitor 
of SREBP-2 in human vascular smooth muscle cells40. However, treatment 
of RAW cells with β-VLDL resulted in a dowregulation of SREBP-2, but 
LRP-1 gene expression was not affected by β-VLDL incubation. Moreover, 
we show that downregulation of PPARγ did coincide with LRP-1 
downregulation, indicating that not SREBP-2 but PPARγ is more likely to be 
responsible for the regulation of LRP-1 expression in macrophages.  
In line with studies of Baravova et al and Han et al12,41, both LPS and β-
VLDL downregulated SR-BI gene expression in our experiments. However, 
Khovidhunkit et al23 showed that, in contrast to their results in liver, the 
effect of LPS on SR-BI gene expression is not always representative for the 
effect on protein level in RAW cells. Therefore, we analysed SR-BI protein 
level and, in agreement with Khovidhunkit et al, LPS was not able to 
decrease SR-BI protein levels in control RAW cells. In contrast, the 
reduction in SR-BI gene expression induced by β-VLDL was also observed 
on protein level and in cells pre-incubated with β-VLDL, LPS was able to 
further decrease both mRNA and protein levels of SR-BI. In the liver, but 
not all tissues, regulation of SR-BI protein expression is dependent on the 
adaptor protein PDZK1 and not solely on SR-BI mRNA levels42,43. Until now 
it is unknown whether PDZK1 plays a role in the regulation of SR-BI protein 
expression in macrophages, but it might explain the different effect of β-
VLDL and LPS on SR-BI protein level, while they both reduce mRNA levels 
of SR-BI.  
In short, the effect of LPS on gene expression of LRP-1, SR-BI, ABCG1, 
PPARγ, LXRβ, SREBP-1 and SREBP-2 was similar for both control cells 
and cells pre-incubated with β-VLDL. However, the effect of LPS on LDLr, 
ABCA1, apoA-I, apoE and PPARα gene expression and SR-BI protein level 
was potentiated, attenuated or even reversed by pre-incubation of the cells 
with β-VLDL, as illustrated in Fig. 6. SR-BI protein level in macrophages is 
unaffected by LPS, but in foam cells, LPS treatment results in a decrease of 
SR-BI protein level, thereby inhibiting cholesterol efflux to HDL and 
cholesterol uptake. On the other hand, in macrophages under normal 
conditions, LPS inhibits gene expression of mediators of cholesterol efflux 
to apoA-I and apoE, whereas in β-VLDL loaded foam cells, these mediators 
are upregulated by LPS. The coinciding downregulation of LDLr in 
macrophages and upregulation in foam cells, suggests that, overall, LPS 
induces a higher intracellular cholesterol content in macrophages and a 
lower intracellular cholesterol content in foam cells.  
In conclusion, both LPS and β-VLDL did affect many lipid related genes in 
RAW cells. In addition, our results show that foam cell formation induced by 
β-VLDL markedly alters the effects of LPS on these lipid related genes. 
These data provide a better understanding of the complex interaction 
between lipid metabolism and inflammation in macrophages, which is 
important to unravel the mechanism underlying atherogenesis. 
 
 
 
 
 

 79



Chapter 4 

 LPS effect 

?

PPARa =

LDLr

ABCA1 ApoA-I =

ApoE

Macrophage

ApoA-I

ApoE

Cholesterol
efflux

Cholesterol
uptake

SR-BI =

SR-BI =HDL

?

PPARa =

LDLr

ABCA1 ApoA-I =

ApoE

Macrophage

ApoA-I

ApoE

Cholesterol
efflux

Cholesterol
uptake

SR-BI =

SR-BI =HDL

?

PPARa

LDLr

ABCA1 ApoA-I 

ApoE

Foam cell

ApoA-I

ApoE =

Cholesterol
efflux

Cholesterol
uptake

SR-BI 

SR-BIHDL

?

PPARa

LDLr

ABCA1 ApoA-I 

ApoE

Foam cell

ApoA-I

ApoE =

Cholesterol
efflux

Cholesterol
uptake

SR-BI 

SR-BIHDL

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Schematic overview of different response of macrophages and foam cells to LPS. 
 
 
ACKNOWLEDGEMENTS 
 
This research was supported by the Netherlands Heart Foundation (grants 
2001B164 and 2000T40). 
 
 
REFERENCES 
 
1. Lusis AJ (2000) Atherosclerosis. Nature. 407: 233-241. 
2. Hansson GK (2005) Inflammation, atherosclerosis, and coronary artery disease. N 

Engl J Med. 352: 1685-1695. 
3. Quehenberger O (2005) Thematic review series: the immune system and 

atherogenesis. Molecular mechanisms regulating monocyte recruitment in 
atherosclerosis. J Lipid Res. 46: 1582-1590. 

4. Mahley RW, Innerarity TL, Brown MS, Ho YK and Goldstein JL (1980) Cholesteryl 
ester synthesis in macrophages: stimulation by beta-very low density lipoproteins 
from cholesterol-fed animals of several species. J Lipid Res. 21: 970-980. 

5. Goldstein JL, Ho YK, Brown MS, Innerarity TL and Mahley RW (1980) Cholesteryl 
ester accumulation in macrophages resulting from receptor-mediated uptake and 
degradation of hypercholesterolemic canine beta-very low density lipoproteins. J Biol 
Chem. 255: 1839-1848. 

6. Brown MS, Goldstein JL, Krieger M, Ho YK and Anderson RG (1979) Reversible 
accumulation of cholesteryl esters in macrophages incubated with acetylated 
lipoproteins. J Cell Biol. 82: 597-613. 

7. Arai H, Kita T, Yokode M, Narumiya S and Kawai C (1989) Multiple receptors for 
modified low density lipoproteins in mouse peritoneal macrophages: different uptake 
mechanisms for acetylated and oxidized low density lipoproteins. Biochem Biophys 
Res Commun. 159: 1375-1382. 

8. Linton MF and Fazio S (2003) Macrophages, inflammation, and atherosclerosis. Int J 
Obes Relat Metab Disord. 27 Suppl 3: S35-40. 

9. Funk JL, Feingold KR, Moser AH and Grunfeld C (1993) Lipopolysaccharide 
stimulation of RAW 264.7 macrophages induces lipid accumulation and foam cell 
formation. Atherosclerosis. 98: 67-82. 

10. Dobrovolskaia MA and Vogel SN (2002) Toll receptors, CD14, and macrophage 
activation and deactivation by LPS. Microbes Infect. 4: 903-914. 

11. LaMarre J, Wolf BB, Kittler EL, Quesenberry PJ and Gonias SL (1993) Regulation of 
macrophage alpha 2-macroglobulin receptor/low density lipoprotein receptor-related 
protein by lipopolysaccharide and interferon-gamma. J Clin Invest. 91: 1219-1224. 

 

 80



β-VLDL alters LPS induced expression of lipid related genes 
 

12. Baranova I, Vishnyakova T, Bocharov A, Chen Z, Remaley AT, Stonik J, Eggerman 
TL and Patterson AP (2002) Lipopolysaccharide down regulates both scavenger 
receptor B1 and ATP binding cassette transporter A1 in RAW cells. Infect Immun. 
70: 2995-3003. 

13. Groeneweg M, Kanters E, Vergouwe MN, Duerink H, Kraal G, Hofker MH and de 
Winther MP (2006) LPS induced gene expression in murine macrophages is 
enhanced by prior exposure to oxLDL. J Lipid Res. 47(10): 2259-2267. 

14. Napolitano M and Bravo E (2005) Lipid metabolism and TNF-alpha secretion in 
response to dietary sterols in human monocyte derived macrophages. Eur J Clin 
Invest. 35: 482-490. 

15. Stollenwerk MM, Schiopu A, Fredrikson GN, Dichtl W, Nilsson J and Ares MP (2005) 
Very low density lipoprotein potentiates tumor necrosis factor-alpha expression in 
macrophages. Atherosclerosis. 179: 247-254. 

16. Ares MP, Stollenwerk M, Olsson A, Kallin B, Jovinge S and Nilsson J (2002) 
Decreased inducibility of TNF expression in lipid-loaded macrophages. BMC 
Immunol. 3: 13. 

17. Redgrave TG, Roberts DC and West CE (1975) Separation of plasma lipoproteins 
by density-gradient ultracentrifugation. Anal Biochem. 65: 42-49. 

18. Van Eck M, Herijgers N, Yates J, Pearce NJ, Hoogerbrugge PM, Groot PH and Van 
Berkel TJ (1997) Bone marrow transplantation in apolipoprotein E-deficient mice. 
Effect of ApoE gene dosage on serum lipid concentrations, (beta)VLDL catabolism, 
and atherosclerosis. Arterioscler Thromb Vasc Biol. 17: 3117-3126. 

19. Von Der Thusen JH, Stitzinger M, De Vos P, Van Berkel TJ, Biessen EA, Van Snick 
J and Kuiper J (2006) The role of IL-9 in atherosclerosis and its application in the 
prevention of atherogenesis. submitted for publication: . 

20. Stitzinger M, Hoekstra M, Van Snick J, Van Berkel TJ and Kuiper J (2006) 
Interleukin-9 inhibits ß-VLDL induced foam cell formation by reducing receptor 
expression in murine macrophages. submitted for publication: . 

21. Harris HW, Johnson JA and Wigmore SJ (2002) Endogenous lipoproteins impact the 
response to endotoxin in humans. Crit Care Med. 30: 23-31. 

22. Liao W, Rudling M and Angelin B (1999) Endotoxin suppresses mouse hepatic low-
density lipoprotein-receptor expression via a pathway independent of the toll-like 
receptor 4. Hepatology. 30: 1252-1256. 

23. Khovidhunkit W, Moser AH, Shigenaga JK, Grunfeld C and Feingold KR (2001) 
Regulation of scavenger receptor class B type I in hamster liver and Hep3B cells by 
endotoxin and cytokines. J Lipid Res. 42: 1636-1644. 

24. Hoekstra M, Out R, Kruijt JK, Van Eck M and Van Berkel TJ (2005) Diet induced 
regulation of genes involved in cholesterol metabolism in rat liver parenchymal and 
Kupffer cells. J Hepatol. 42: 400-407. 

25. Yu L, Cao G, Repa J and Stangl H (2004) Sterol regulation of scavenger receptor 
class B type I in macrophages. J Lipid Res. 45: 889-899. 

26. Llaverias G, Lacasa D, Vazquez-Carrera M, Sanchez RM, Laguna JC and Alegret M 
(2005) Cholesterol regulation of genes involved in sterol trafficking in human THP-1 
macrophages. Mol Cell Biochem. 273: 185-191. 

27. Wang Y, Moser AH, Shigenaga JK, Grunfeld C and Feingold KR (2005) 
Downregulation of liver X receptor-alpha in mouse kidney and HK-2 proximal tubular 
cells by LPS and cytokines. J Lipid Res. 46: 2377-2387. 

28. Berbee JF, Havekes LM and Rensen PC (2005) Apolipoproteins modulate the 
inflammatory response to lipopolysaccharide. J Endotoxin Res. 11: 97-103. 

29. Lu B, Moser AH, Shigenaga JK, Feingold KR and Grunfeld C (2006) Repression of 
type II nuclear hormone receptors, receptor coactivators, and their target genes in 
adipose tissues during the acute-phase response. J Lipid Res. 47(10): 2179-2190. 

30. Ohlsson BG, Englund MC, Karlsson AL, Knutsen E, Erixon C, Skribeck H, Liu Y, 
Bondjers G and Wiklund O (1996) Oxidized low density lipoprotein inhibits 
lipopolysaccharide-induced binding of nuclear factor-kappaB to DNA and the 
subsequent expression of tumor necrosis factor-alpha and interleukin-1beta in 
macrophages. J Clin Invest. 98: 78-89. 

31. Mikita T, Porter G, Lawn RM and Shiffman D (2001) Oxidized low density lipoprotein 
exposure alters the transcriptional response of macrophages to inflammatory 
stimulus. J Biol Chem. 276: 45729-45739. 

32. Gauthier A, Vassiliou G, Benoist F and McPherson R (2003) Adipocyte low density 
lipoprotein receptor-related protein gene expression and function is regulated by 
peroxisome proliferator-activated receptor gamma. J Biol Chem. 278: 11945-11953. 

 81



Chapter 4 

33. Mracek T, Cannon B and Houstek J (2004) IL-1 and LPS but not IL-6 inhibit 
differentiation and downregulate PPAR gamma in brown adipocytes. Cytokine. 26: 9-
15. 

34. Feingold K, Kim MS, Shigenaga J, Moser A and Grunfeld C (2004) Altered 
expression of nuclear hormone receptors and coactivators in mouse heart during the 
acute-phase response. Am J Physiol Endocrinol Metab. 286: E201-207. 

35. Fang C, Yoon S, Tindberg N, Jarvelainen HA, Lindros KO and Ingelman-Sundberg 
M (2004) Hepatic expression of multiple acute phase proteins and down-regulation 
of nuclear receptors after acute endotoxin exposure. Biochem Pharmacol. 67: 1389-
1397. 

36. Singh JP, Kauffman R, Bensch W, Wang G, McClelland P, Bean J, Montrose C, 
Mantlo N and Wagle A (2005) Identification of a novel selective peroxisome 
proliferator-activated receptor alpha agonist, 2-methyl-2-(4-{3-[1-(4-methylbenzyl)-5-
oxo-4,5-dihydro-1H-1,2,4-triazol-3- yl]propyl}phenoxy)propanoic acid (LY518674), 
that produces marked changes in serum lipids and apolipoprotein A-1 expression. 
Mol Pharmacol. 68: 763-768. 

37. Duez H, Lefebvre B, Poulain P, Torra IP, Percevault F, Luc G, Peters JM, Gonzalez 
FJ, Gineste R, Helleboid S, Dzavik V, Fruchart JC, Fievet C, Lefebvre P and Staels 
B (2005) Regulation of human apoA-I by gemfibrozil and fenofibrate through 
selective peroxisome proliferator-activated receptor alpha modulation. Arterioscler 
Thromb Vasc Biol. 25: 585-591. 

38. Feng Y, Cong R, Zong Y, Zhang J, Qu S and Deng Y (1997) Regulation of ApoE 
gene expression in mouse peritoneal macrophages by VLDL. J Tongji Med Univ. 17: 
65-67, 97. 

39. Qu S, Wu F, Tian J, Li Y, Wang Y and Zong Y (2004) Role of VLDL receptor in the 
process of foam cell formation. J Huazhong Univ Sci Technolog Med Sci. 24: 1-4, 8. 

40. Llorente-Cortes V, Otero-Vinas M, Sanchez S, Rodriguez C and Badimon L (2002) 
Low-density lipoprotein upregulates low-density lipoprotein receptor-related protein 
expression in vascular smooth muscle cells: possible involvement of sterol 
regulatory element binding protein-2-dependent mechanism. Circulation. 106: 3104-
3110. 

41. Han J, Nicholson AC, Zhou X, Feng J, Gotto AM, Jr. and Hajjar DP (2001) Oxidized 
low density lipoprotein decreases macrophage expression of scavenger receptor B-I. 
J Biol Chem. 276: 16567-16572. 

42. Kocher O, Yesilaltay A, Cirovic C, Pal R, Rigotti A and Krieger M (2003) Targeted 
disruption of the PDZK1 gene in mice causes tissue-specific depletion of the high 
density lipoprotein receptor scavenger receptor class B type I and altered lipoprotein 
metabolism. J Biol Chem. 278: 52820-52825. 

43. Silver DL (2002) A carboxyl-terminal PDZ-interacting domain of scavenger receptor 
B, type I is essential for cell surface expression in liver. J Biol Chem. 277: 34042-
34047. 

 82



β-VLDL alters LPS induced expression of lipid related genes 
 

 83



 

 
 
 
 
 
 
 
 
 
 
 
 
 

 84


	INTRODUCTION
	One of the early steps in atherosclerosis involves the infiltration of circulating monocytes into the vessel wall in response to the enhanced expression of adhesion molecules and chemoattractants by activated endothelial cells. Subsequently, the infiltrated monocytes differentiate into macrophages and transform into foam cells as a result of accumulation of cholesteryl esters from modified lipoproteins. These foam cells play a prominent role in the initiation and progression of the atherosclerotic plaque1-3.
	Several lipoproteins, such as β-very low-density lipoprotein (β-VLDL), a lipoprotein naturally induced by cholesterol-rich feeding of animals4,5, or experimentally modified lipoproteins including acetylated low-density lipoprotein (acLDL) and oxidized LDL (oxLDL)6,7, induce in vitro foam cell formation. Cholesterol efflux from the macrophage/foam cell is another important process in the development of foam cell formation, because foam cell formation is the result of an imbalance in cholesterol homeostasis8. 
	The transformation of macrophages into foam cells can be affected by a variety of factors, amongst which inflammatory mediators such as lipopolysaccharide (LPS)9. LPS is a component of the membrane of Gram-negative bacteria and, when released from bacteria, is one of the most potent inducers of inflammation. LPS activates monocytes and macrophages leading to the production of cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6, which serve as endogenous mediators of inflammation through interactions with various target cells10. In addition, LPS is able to alter lipid metabolism in macrophages by affecting expression of lipid metabolism related genes9,11,12.  
	Recent studies show the effect of foam cell formation on the inflammatory response of macrophages to LPS13-16. However, until now, it is unknown whether foam cell formation also affects the expression of lipid related genes in response to LPS. In the present study, we investigated how β-VLDL mediated foam cell formation affects the response of RAW 264.7 murine macrophage cells to LPS with a specific emphasis on the expression of lipid related genes. This response is highly relevant as these genes in concert with the inflammatory genes will determine the regression capacity of existing foam cells and, thus, of atherosclerotic lesion formation.
	MATERIALS AND METHODS
	Isolation of β-VLDL
	Cell culture and treatment
	TNF-α detection
	Lipid accumulation


