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Chapter 8 
 
 
SUMMARY AND PERSPECTIVES 
 
 
Despite significant progress in the management of atherosclerosis and its 
complications, cardiovascular disease resulting from atherosclerosis 
remains the major cause of death in the Western world. Atherosclerosis is a 
progressive disease involving the development of vascular atherosclerotic 
lesions characterized by both lipid accumulation and by inflammation1-4. The 
main aim of this thesis was to investigate interactions between lipids, 
inflammation and atherosclerosis. 
The expression of pro-inflammatory cytokines is decisive for the 
progression of atherosclerosis5. Many pro-inflammatory cytokines, such as 
IL-12 and IFN-γ, and various chemokines exert their pro-atherosclerotic 
effects during various stages of lesion development6,7. A reduction in the 
expression of pro-inflammatory cytokines may, in addition to regulation of 
plasma lipid levels, be considered as one of the main targets for the 
treatment of atherosclerosis. A limited number of members of the cytokine 
family, such as IL-10 and IL-9, displays anti-inflammatory features via 
inhibition of the production of pro-inflammatory cytokines8-12. However, 
although atherosclerosis is considered as a chronic inflammatory disease 
and IL-9 affects many inflammatory processes, the role of IL-9 in 
atherosclerosis has not been elucidated yet. Therefore, in Chapter 2, we 
investigated the effect of IL-9 treatment and of vaccination against 
endogenous IL-9 on atherosclerotic lesion development in LDLr deficient 
mice, a well established mouse model for atherosclerosis. Daily IL-9 
treatment resulted in a significant reduction of atherosclerotic lesion size, 
whereas blocking endogenous IL-9 caused a marked increase in 
atherosclerosis. Furthermore, IL-9 not only affected the production of pro-
inflammatory cytokines, but also affected two other hallmarks of 
atherosclerosis: β-VLDL induced foam cell formation in peritoneal 
macrophages and the adhesion of monocytes to endothelial cells. Based on 
these data, IL-9 and its receptor are interesting new targets for the 
development of anti-inflammatory drugs for the treatment of atherosclerosis. 
In Chapter 3, we focused on the inhibitory effect of IL-9 on β-VLDL induced 
foam cell formation. Foam cells, which play a prominent role in the initiation 
and progression of the atherosclerotic lesion, result from excessive 
accumulation of cholesteryl esters. In vitro studies have demonstrated that 
foam cells can be formed by receptor mediated uptake of β-VLDL or 
experimentally modified lipoproteins such as acLDL and oxLDL13-15. In 
addition to the uptake of modified lipoproteins, cholesterol efflux is an 
important process in the development of foam cells, because foam cell 
formation is the result of an imbalance in cholesterol homeostasis16. Various 
factors including inflammatory mediators can affect foam cell formation.  
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Most studies suggest a foam cell inducing effect of pro-inflammatory 
mediators such as LPS and TNF-α17,18 and a suppressive effect of anti-
inflammatory mediators such as TGFβ119,20. We confirmed our earlier 
results that IL-9 was able to inhibit foam cell formation using β-VLDL 
induced lipid accumulation in RAW 264.7 murine macrophage cells as a 
model. IL-9 did not affect cholesterol efflux or gene expression of 
cholesterol efflux pumps, but IL-9 exerted its inhibitory effect on foam cell 
formation by reducing the gene expression of the LDLr, LRP-1 and SR-BI, 
all tentative receptors for β-VLDL. Furthermore, IL-9 induced the gene 
expression of nuclear receptor PPARα and reduced the gene expression of 
transcription factors SREBP-1 and SREBP-2, which might explain the 
observed effects on the gene expression of the lipoprotein receptors. These 
findings provide the first evidence for a direct effect of IL-9 on the gene 
expression of key players in foam cell formation providing a possible 
mechanism for the anti-atherogenic effect of IL-9.  
Several studies have shown that IL-9 promotes many processes involved in 
asthma21,22. Moreover, high IL-9 levels are related to malignancies of 
lymphocytes and to enhanced survival of lymphomas23-25. Therefore, one 
should be cautious to treat atherosclerosis patients with a high dosage of 
IL-9. More research is needed to fully understand the mechanism of action 
of IL-9 and to translate the observed effects of IL-9 in animal models to the 
human situation.  
Inflammatory mediators regulate the expression of many genes involved in 
foam cell formation. LPS, a very potent inducer of inflammation, is able to 
affect macrophage expression of receptors for lipoproteins, such as LRP-1, 
and of cholesterol efflux mediators, including ABCA1 and SR-BI17,26-28. Lipid 
loading of macrophages, in turn, alters the response of these macrophages 
to inflammatory mediators29. 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 in Chapter 4. We used β-VLDL 
induced lipid accumulation by RAW 264.7 murine macrophage cells as a 
model for foam cell formation. In both macrophages and foam cells, LPS 
affected gene expression of LRP-1, ABCG1, PPARγ, LXRβ, SREBP-1 and 
SREBP-2 in a similar manner. However, the effect of LPS on the expression 
of LDLr, ABCA1, apoA-I, apoE and PPARα gene expression and SR-BI 
protein level was potentiated, attenuated or even reversed by pre-
incubation of macrophages with β-VLDL. In macrophages, LPS inhibited 
gene expression of apoE and ABCA1, whereas in foam cells gene 
expression of apoA-I and ABCA1 were upregulated by LPS, suggesting that 
apolipoprotein mediated cholesterol efflux is attenuated in macrophages 
and stimulated in foam cells by LPS. 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. 
As the bio-active component of the outer membrane of Gram-negative 
bacteria, LPS stimulates monocytes and macrophages to produce high 
amounts of pro-inflammatory cytokines, which, in turn, can evoke cytotoxic 
effects, organ failure and eventually death30-33. It has been demonstrated 
that the LPS induced cytokine response primarily involves TLR4 and 
plasma membrane CD14, which initiate downstream signaling to NF-κB 
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followed by activation of LPS responsive genes34,35. In addition, LPS 
uptake, clearance, and catabolism are mediated by the family of scavenger 
receptors, which results in neutralization of LPS36. In Chapter 5, we set out 
to examine the role of one of these scavenger receptors, SR-BI, in the 
response to LPS using SR-BI wild-type and SR-BI deficient mice. 
Challenging these mice with a sublethal dose of LPS showed that SR-BI 
protects against LPS induced TNF-α production. Although LPS uptake by 
the liver, the main organ for LPS clearance, was not affected by SR-BI 
expression, serum decay of LPS in the first 10 minutes was impaired by the 
absence of SR-BI expression. The coinciding higher serum cholesterol 
levels, HDL in particular, can explain the prolonged presence of LPS in SR-
BI deficient mice. SR-BI deficient mice displayed higher oxidative stress 
levels than wild-type mice. After treatment with the HDL-lowering anti-
oxidant probucol, oxidative stress levels were reduced to a similar level in 
both types of mice, but SR-BI deficient mice still responded to LPS with a 
higher TNF-α production than wild-type mice. Although macrophage content 
in the liver was the same, SR-BI deficient macrophages appeared to be 
more activated, as determined by gene expression of MARCO, an innate 
activation marker. In addition, a higher activation status of circulating 
monocytes in SR-BI deficient was observed using a whole blood assay for 
LPS induced TNF-α production. These results indicate that SR-BI 
modulates LPS induced TNF-α production and forms a host defense 
mechanism against inflammation.   
The results obtained in Chapter 4 and in Chapter 5 shed new light on the 
close interactions between lipids and inflammation. Interestingly, normal 
macrophages do not produce apoA-I, but we showed that LPS induced 
apoA-I gene expression in foam cells. Furthermore, other genes involved in 
apolipoprotein mediated cholesterol efflux were upregulated by LPS in foam 
cells. Although inflammation stimulates the initiation of foam cells, further 
progression of foam cells seems to be inhibited by inflammation. The 
mechanism of action of SR-BI is highly complex, which is illustrated by an 
earlier study that showed that macrophage SR-BI is either pro-atherogenic 
(small fatty streak) or anti-atherogenic (advanced lesion), depending on the 
stage of lesion development37. We demonstrated that in addition to being a 
key player in cholesterol homeostasis, SR-BI protects against LPS induced 
inflammatory effects, probably via preventing activation of monocytes and 
macrophages.  
In addition to inflammation, the accumulation of lipids, especially 
cholesterol, in the vessel wall is one of the hallmarks of atherosclerosis. 
Cholesterol in the atherosclerotic lesion is mainly derived from (modified) 
lipoproteins and lipoprotein remnants, which are taken up from the 
circulation into the vessel wall1. Therefore, high serum cholesterol levels 
due to the consumption of a Western-type high fat diet are a major risk 
factor for atherosclerosis. Serum cholesterol levels are largely influenced by 
synthesis and secretion of VLDL and HDL and by removal of cholesterol 
from the body via bile38,39. These processes occur in the liver and are 
performed by parenchymal cells, which thus are essential in maintaining 
serum lipid homeostasis40. In Chapter 6 and Chapter 7, microarray 
analysis was used to determine the effect of Western-type diet feeding on 
liver parenchymal cells and the effect of IL-10 treatment of liver 
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parenchymal cells during Western-type diet feeding, both in LDLr deficient 
mice. To gain insight in the specific pathways and genes involved in the 
response to increased dietary lipid levels, in Chapter 6, changes in 
parenchymal cell gene expression upon feeding a Western-type diet for 0, 
2, 4, and 6 weeks were determined. In agreement with previous studies, 
Western-type diet feeding induced an atherogenic lipoprotein profile, since 
the circulating serum cholesterol levels of both LDL and VLDL were 
markedly induced. Time dependent gene expression profiling identified 
FABP5 and four novel FABP5-like transcripts as important proteins in the 
primary response of liver parenchymal cells to Western-type diet induced 
high cholesterol levels, since their expression was 16- to 22-fold increased 
within the first 2 weeks of Western-type diet consumption. In the secondary 
response of liver parenchymal cells to the Western-type diet, the expression 
of key genes involved in lipogenesis and glycolytic pathways, such as 
pyruvate kinase, was markedly stimulated in liver parenchymal cells. 
In previous studies, overexpression of IL-10 resulted in attenuation of 
atherogenesis, indicating a protective role for endogenous IL-10, which was 
underlined by studies showing an enhanced atherosclerotic lesion 
development in IL-10 deficient mice41-45. The protective role of IL-10 can 
partly be explained by the inhibitory effect of IL-10 on inflammation and on 
the expression of adhesion molecules43,45. In addition, several animal 
studies demonstrated that IL-10 influences lipid metabolism resulting in 
lower serum total cholesterol levels41,44, but the mechanism of action 
remained elusive. In Chapter 7, LDLr deficient mice were put on a Western-
type diet for two weeks to induce atherogenic cholesterol levels, 
subsequently received adenoviral IL-10 treatment and Western-type diet 
was continued for another two weeks, after which liver parenchymal cells 
were isolated for microarray analysis. The adenoviral treatment resulted in 
high serum IL-10 levels and a coinciding reduction of serum cholesterol and 
especially LDL levels. Microarray analysis revealed that in parenchymal 
cells, adenoviral IL-10 treatment led to a more than 2-fold change in the 
expression of over 900 genes. In addition to the classical target genes 
including TNF-α and IL-6, more genes involved in lipid metabolism were 
affected by IL-10 than anticipated from statistical expectations. Interestingly, 
amongst these genes, ABCG5 and ABCG8 were both upregulated upon 
adenoviral IL-10 treatment. ABCG5 and ABCG8 are involved in the 
excretion of cholesterol from the body and their upregulation by IL-10 might 
explain the cholesterol lowering effect observed in LDLr deficient mice on a 
Western-type diet. 
Microarray analysis of liver parenchymal cells in Chapter 6 and Chapter 7 
revealed that the expression of many genes in these cells is affected by 
Western-type diet feeding and by IL-10 treatment, respectively. These 
effects coincided with changes in serum cholesterol levels, indicating that 
liver parenchymal cells may be interesting target cells for the treatment of 
atherosclerosis. The effects of IL-10 on liver parenchymal cells suggest that 
IL-10 exerts its anti-atherosclerotic effect in both inflammation and lipid 
mediated manners. Microarray analysis identified several novel genes in 
liver parenchymal cells, which were affected by IL-10. Further research is 
necessary to unravel the role of these genes in lipoprotein homeostasis and 
in atherosclerosis. 
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In stead of regarding atherosclerosis as a purely lipid mediated or 
inflammatory disease, research has, recently, focused more on the relation 
between these two hallmarks of atherosclerosis. The research described in 
this thesis provides a better understanding of the interaction between lipids, 
inflammation and atherosclerosis leading to novel insights in the 
pathogenesis of cardiovascular disease. This knowledge is crucial for the 
development of new strategies to overcome this disease.  
Both the interleukins IL-9 and IL-10 display effects on lipid metabolism that, 
together with their anti-inflammatory properties, may explain their protective 
effect in atherosclerosis. Because of their pleiotropic effects, potential 
adverse effects can occur after systemic treatment of cardiovascular 
patients with these cytokines. However, the local delivery of viral vectors 
encoding IL-9 or IL-10 may form a promising new treatment.  
By using microarray technology, the expression of many genes can be 
analysed simultaneously making it a powerful tool in the search for new 
target genes in the treatment of cardiovascular disease. In this thesis, 
microarray analysis of liver parenchymal cells in response to IL-10 and/or a 
high cholesterol diet revealed several genes, such as FABP5, as potential 
new targets genes. Further studies of the metabolic role of these genes in 
lipid and lipoprotein metabolism are needed in order to evaluate their 
precise function before utilizing their potential beneficial effect on 
cardiovascular disease.      
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