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ARTICLE INFO ABSTRACT

Article history: Sterols and fatty acids are common intermediary metabolites in all cells of the body. Oxi-
Received 6 January 2009 dative modifications of these molecules can occur and result in the production of oxyster-
Accepted 10 February 2009 ols and oxidized fatty acids. Significantly, these modified molecules not only participate in
basic metabolic processes but they are also involved in signaling pathways. These two
groups of molecules are known to regulate the activity of a special group of ligand-acti-
vated transcription factors, known as nuclear receptors. Oxysterols activate liver X receptor

Ilflfilc‘/l‘:e(;rrdi;ceptor (LXR), while oxidized fatty acids regulate peroxisome proliferator-activated receptors
LXR (PPARs). These nuclear hormone receptors control the expression of their target genes
PPARY upon ligand binding and via this effect many physiological as well as pathological pro-
Macrophage cesses. The role of the receptors and natural or synthetic activators have been studied
Oxysterol extensively in the initiation, development and progression of atherosclerosis. Both the
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receptors themselves and their activators have been shown to exert anti-atherogenic
effects. In this review we provide an overview of oxysterol-driven gene expression regula-

tion. We introduce nuclear receptors, in particular LXR, how they become activated by
oxysterols, how they work, what consequences of receptor activation on transcription reg-
ulation has and how these processes coordinate cholesterol metabolism and transport in
macrophages. We place LXR into a network of transcription factors, enzymes and ligands.
We also summarize data supporting the notion that LXR is also involved in the regulation
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0098-2997/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.mam.2009.02.002


mailto:nagyl@med.unideb.hu
http://www.sciencedirect.com/science/journal/00982997
http://www.elsevier.com/locate/mam

D. Tordcsik et al. / Molecular Aspects of Medicine 30 (2009) 134-152 135

of inflammatory processes. Finally, the in vivo consequences of LXR activation or deletion
are discussed.
© 2009 Elsevier Ltd. All rights reserved.
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1. Oxidized lipids as signaling molecules

Fatty acids and cholesterol are key metabolites in animals and humans. Fatty acids are stored as triglycerides and serve as
an important source of energy. The production and degradation of fatty acids are strictly regulated at multiple levels. The
activation of phospholipases and lipoxygenases acting on phospholipids and fatty acids results in the production of lipid
hydroperoxides. It has been also documented that lipid oxidation, peroxidation may be induced by non-enzymatic steps
as well (Spiteller, 2005). Cholesterol accounts for 99% of all sterols in mammals and plays multiple important biological roles.
It is a major constituent of cell membranes where it is required to establish proper membrane permeability and fluidity.
Importantly it is a precursor of numerous signaling molecules. Oxysterols have very short half-lives if compared to choles-
terol. As a consequence they are present in very low concentrations. While fatty acids and cholesterol are synthesized in
large amounts their oxidative derivatives are surprisingly rare. This might explain why these oxidized sterols, oxysterols
and oxidized fatty acids have evolved to serve as physiological mediators in numerous signaling pathways (Bjérkhem,
2002). This way the metabolic state of a cell can provide a signal to gene and protein activation.

For example oxidized fatty acids are known to bind to and activate G-protein-coupled receptors. G2A is a receptor for
9-hydroxyoctadecadienoic acid (9-HODE) and other oxidized free fatty acid derivatives of linoleic and arachidonic acids
(Obinata et al., 2005). More importantly, oxidized fatty acids have been shown to activate another group of receptors, per-
oxisome proliferator-activated receptors (PPARs) of the nuclear receptor superfamily. These proteins are ligand-activated
transcription factors that regulate the expression of genes and gene networks. However, the first endogenous ligand for
PPARY was suggested to be a prostanoid, 15-deoxy-A!21-PGJ, (PGJ,) (Forman et al., 1995; Kliewer et al., 1995). The amount
of this compound appears to be too low in tissues to result in PPARYy activation (Powell, 2003) if compared to other PPARy
activator molecules identified later and which are derived from unsaturated fatty acids (Kliewer et al., 1997; Krey et al.,
1997). In macrophages, and more recently in other tissues, it has been shown that oxidized fatty acids, like 9-HODE and
13-hydroxyoctadecadienoic acid (13-HODE), are both present in oxidized low density protein (0XLDL), and are biologically
relevant agonists of PPARy (Nagy et al., 1998; Marx et al., 1999; Schild et al., 2002).

A striking similarity exists in the case of oxysterols. Oxysterols are ligands for another nuclear receptor, the liver X recep-
tor (LXR) (Janowski et al., 1996, 1999; Lehmann et al., 1997; Peet et al., 1998). This receptor has been extensively studied in
the last few years principally by the Mangelsdorf and Tontonoz laboratories among others. This receptor appears to be in-
volved in many cholesterol and bile acid related biological and pathological processes. More relevantly for the purposes of
this review, it orchestrates cholesterol metabolism in macrophages and contributes to the regulation of the enterohepatic
circulation of cholesterol (Repa et al., 2000a).

Therefore the common feature of PPARy and LXR is that both are activated by oxidized lipid molecules. In addition they have
been implicated in many similar biological processes ranging from regulating lipid metabolism to inflammation suggesting
further that there are overlaps or at least similarities between oxidized fatty acid and oxysterol signaling. To add further cre-
dence to this notion recently, a hierarchical, unsupervised clustering of nuclear receptor tissue expression and distribution pro-
files grouped PPARY and LXR together along with the glucocorticoid receptor and apart from retinoid or other PPAR receptors
(Bookout et al., 2006), suggesting the existence of a certain physiological linkage between the two pathways. Moreover, these
two receptors have been linked to the development of pathological conditions in which lipid abnormalities and inflammation
coexist as well. An extensive accumulation of lipid molecules including oxysterols and fatty acids in the sub-endothelial re-
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