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De novo fatty acid biosynthesis is also called lipogenesis. It is a metabolic pathway that provides the cells
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with fatty acids required for major cellular processes such as energy storage, membrane structures and
lipid signaling. In this article we will review the role of the Liver X Receptors (LXRs), nuclear receptors
that sense oxysterols, in the transcriptional regulation of genes involved in lipogenesis.
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. Introduction

De novo lipogenesis is a key-process that leads to the synthesis of
atty acids (FAs). A very little amount of FAs remains unesterified as
ree FAs. Most FAs are used for the synthesis of complex lipids such
s phospholipids, ceramides, cholesterol esters or triglycerides and
hereby play a major role in membrane structure, cell signaling and
nergy storage.

The regulation of de novo lipogenesis is highly sensitive to hor-
onal, nutritional, environmental and/or genetic factors. It has

een widely investigated in the context of the raising concerns
bout obesity and associated metabolic diseases such as hepatic
teatosis or non alcoholic fatty liver disease (Ferre and Foufelle,
010; Postic and Girard, 2008).

Since in mammals the liver is the major site for lipogenesis, most
f the work reviewed here refers to the described regulation of hep-
tic fatty acid synthesis. We also examine the evidences for the role
f the Liver X Receptors (LXR) as oxysterol sensors and their bio-
ogical function. Finally, the specific roles of LXRs in the regulation
f hepatic lipogenesis is presented.

. Lipogenesis: de novo synthesis of fatty acids

The main enzymes involved in FA biosynthesis are indicated
n Fig. 1A. Because lipogenesis is primarily associated with the
ynthesis of triacylglycerols (TG; Fig. 1B) for fatty acid storage
hese pathways will extensively described, even though alterna-
ive metabolic fate of de novo synthesized FAs and some of their
ole in signaling will also be presented.

.1. Critical steps in fatty acid biosynthesis

De novo lipogenesis occurs when glucose supply is high. For
nstance, under fed conditions, higher animals preferentially burn
arbohydrates to generate ATP while the excess of carbohydrate
s converted into FAs. Therefore, FA synthesis is tightly linked to
lucose catabolism (Postic and Girard, 2008). Indeed, the complete
xidation of glucose, also called glycolysis, leads to the synthesis of
cetyl-CoA, which subsequently, can enter the citrate cycle in the
itochondria. Thus citrate, an intermediate compound of citrate

ycle, is exported from mitochondria. This results in an increase of
ytosolic citrate, which can next be converted into acetyl-CoA. This
eaction is catalyzed by the ATP-citrate lyase (ACL).

Acetyl-CoA is then carboxylated into malonyl-CoA by the acetyl-
oA carboxylase (ACC) which is the first critical and rate-limiting
nzyme in de novo FA synthesis. There are two isoforms of ACC:
CC1 and ACC2. ACC1 is cytosolic and mainly expressed in lipogenic

issues such as the liver and the adipose tissue whereas ACC2 is
itochondrial and predominantly expressed in oxidative tissues

Abu-Elheiga et al., 2000). These two isoforms are encoded by
wo distinct genes (Abu-Elheiga et al., 1995, 1997) and are known
o play different roles: ACC1 is involved in de novo lipogenesis
hile ACC2 is rather implicated in the repression of mitochon-

rial �-oxydation providing the pool of malonyl-CoA which acts
s allosteric inhibitor of carnitine palmitoyl-Transferase I (CPT1).
uring FA synthesis, such production of malonyl-CoA represents an

mportant feedback loop on FA catabolism since CPT1 is involved
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 510

in the entry of FAs in the mitochondria for oxidation (McGarry and
Brown, 1997).

Transgenic mice lacking ACC1 are not viable (Abu-Elheiga et al.,
2005). However, the liver-specific deletion of ACC1 leads to a reduc-
tion of lipogenesis and triglyceride accumulation without affecting
FA oxidation (Mao et al., 2006). ACC2 knockout mice are leaner
than wild-type mice, resistant to high fat/high carbohydrate diet
induced obesity and more sensitive to insulin. This occurs as a result
of an increased FA oxidation in the heart, the skeletal muscle and
the liver (Abu-Elheiga et al., 2001, 2003).

Cytosolic malonyl-CoA can be used for FA biosynthesis. This
reaction is catalyzed by the fatty acid synthase (FASN) that repre-
sents the second enzyme in de novo FA synthesis. Its major product
is the sixteen carbon saturated FA: palmitic acid (C16:0). FASN uses
the malonyl-CoA as a primer, acetyl-CoA as a carbon donor and the
NADPH as a reducing equivalent (Chirala and Wakil, 2004). FASN
consists of two multifunctional polypeptides forming a homod-
imeric complex of 260 kDa in the cytoplasm. Each homodimer is
composed by three catalytic domains in the N-terminal section
(�-ketoacyl synthase (KS), malonyl/acetyltransferase (MAT), and
dehydrase (DH)) and are separated by a core region of around 600
residues from four C-terminal domains (enoyl reductase (ER), �-
ketoacyl reductase (KR), acyl carrier protein (ACP) and thioesterase
(TE)) (Chirala et al., 2001; Smith, 1994). Transgenic mice lacking
Fasn die in utero (Chirala et al., 2003). Liver-specific deletion of Fasn
does not protect against hepatic FA accumulation. Indeed, when fed
a low fat/high cholesterol diet, the Fasn liver-specific knockout mice
develop a fatty liver, which seems to occur as result of a defect in
FA oxidation (Chakravarthy et al., 2005).

2.2. Fatty acid elongation and desaturation

The main product of FASN is palmitic acid (C16:0). It can either
be elongated or desaturated. Elongation of FAs involves the addition
of two carbons to a fatty acyl-CoA using malonyl-CoA as the carbon
donor and NADPH as the reducting agent. Elongation of very long
chain fatty acid (ELOVL) proteins are membrane-bound enzymes
located in the endoplasmic reticulum. To date, in mammals seven
ELOVL proteins (ELOVL1–7) have been identified. ELOVL6 (also
known as long chain fatty acyl elongase (LCE) and fatty acyl-CoA
elongase (FACE)) catalyzes the conversion of palmitate (C16:0) to
stearate (C18:0). It was first discovered as an up-regulated gene
in transgenic mice over-expressing the sterol regulatory element
binding protein (SREBP)-1c and SREBP-2 (Moon et al., 2001). This
discovery has been further confirmed in another study, which iden-
tified the gene coding for ELOVL6 as a gene under the control of
SREBPs (Matsuzaka et al., 2002). ELOVL6 is expressed in the liver
and is thought to catalyze the elongation of palmitic acid (C16:0)
and palmitoleic acid (C16:1 n-7, see below) to form stearic acid
(C18:0) and vaccenic acid (C18:1 n-7), respectively (Matsuzaka
et al., 2002; Moon et al., 2001). It has been reported that ELOVL6
can also catalyze the elongation of FAs consisting of twelve or four-
teen carbons (Matsuzaka et al., 2002; Moon et al., 2001). Mice

lacking Elovl6 have been created by Matsuzaka et al. (2007). They
show a reduction of the hepatic content in stearic (C18:0) and oleic
acid (C18:1 n-9). These mice are resistant to diet-induced insulin
resistance. However, they do not show amelioration of obesity or
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Fig. 1. De novo lipogenesis and triglyceride biosynthesis. (A) Acetyl-CoA, the precursor of palmitic acid biosynthesis is provided by the citrate cycle that uses glycolysis and
pyruvate oxidative decarboxylation products or fatty acid �-oxidation. Mithochondrial acetyl-CoA is then condensed to form citrate and is exported to the cytosol. ATP citrate
lyase (ACL) converts citrate to form oxaloacetate (OAA) and acetyl-CoA which is in turn carboxylated into malonyl-CoA by acetyl-CoA carboxylase (ACC). OAA is transformed
into pyruvate through the action of two enzymes: malate dehydrogenase (MD) and malic enzyme (ME). The fatty acid synthase (FASN) leads to the synthesis of palmitate from
the condensation of seven malonyl-CoAs. Palmitic acid (C16:0) can then be further elongated by elongation of very long chain fatty acids protein (ELOVL) 6 to form stearate
(C18:0) or desaturated by stearoyl-CoA desaturase 1 (SCD1) to form palmitoleate (C16:1 n-7). Stearate can also be desaturated by SCD1 to form oleate (C18:1 n-9). Different
of ELOVL and fatty acids (FAs) desaturase (FADS) can elongate and desaturate FAs including essential FAs supplied by the diet, to form the wide variety of FAs in the cell.
(B) Triglyceride (TG) biosynthesis is supported by three enzymes Glycerol-3-phosphate acyltransferase (GPAT), 1-acylglycerol-3-phosphate O-acyltransferase (AGPAT) and
diacylglycerol acyltransferase (DGAT) that catalyze the esterification of acyl-CoA on the first, second and third carbon of glycerol-3-phosphate respectively. GPAT and AGPAT
products are lysophosphatidic acid (LPA) and diacylglycerol (DAG) respectively. FAs can also be incorporated into other complex lipids. Specific incorporation into various
lipid classes is driven by rate-limiting enzymes in other pathways. Phospholipids are synthesized from DAG by several enzymes. Choline/ethanolaminephosphotransferase
1 (CEPT1) catalyzes the synthesis of phosphatidylcholine and phosphatidylethanolamine whereas choline phosphotransferase 1 (CHPT1) catalyzes the synthesis of phos-
phatidylcholine exclusively. CDP-diacylglycerol-inositol 3-phosphatidyltransferase (CDIPT) catalyzes the synthesis of phosphatidylinositol. FAs can also be incorporated into
cholesterol by acetyl-CoA acetyltransferase to form a cholesteryl esters. Ceramides are synthesized by the incorporation of two FAs into serine and then sphinganine by
serine palmitoyltransferase (SPTLC) and ceramide synthase (CERS) respectively.



Physic

h
a
i

r
d
r
e
t
i
1
i
m
1
g
o
t
c
a
o
T
d
i
u
m
t
e
m
m
i
i
l
b
p
e
t
s
2

2

e
T
g
g
e
p
c
G
d
C
N
i
w
u
a
t
l
i
a
d
i
t
G
3

S. Ducheix et al. / Chemistry and

epatosteatosis. They also crossed Elovl6−/− mice with ob/ob mice
nd the pups showed a decreased hyperglycemia and improved
nsulin resistance compared to ob/ob pups.

Palmitic (C16:0) and stearic (C18:0) acid can then be desatu-
ated by the stearoyl-CoA desaturase 1 (SCD1 also known as �9
esaturase) into palmitoleic (C16:1 n-7) and oleic acid (C18:1 n-9),
espectively (Ntambi, 1999). The entire coding sequences of the SCD
ncoding genes as well as their promoter regions have been charac-
erized in different species. Four SCD isoforms have been identified
n mice (Kaestner et al., 1989; Miyazaki et al., 2003; Ntambi et al.,
988; Zheng et al., 2001). Scd1 is expressed in various tissues includ-

ng the liver and the adipose tissue (Ntambi et al., 1988), Scd2 is
ainly expressed in the brain and neuronal tissues (Kaestner et al.,

989), Scd3 is specifically expressed in harderian and preputial
land, and in the sebocytes (Zheng et al., 2001). The expression
f the mouse Scd4 appears to be restricted to the heart. In the liver,
he ELOVL6 product stearic acid (C18:0) and palmitic acid (C16:0)
an be desaturated to form oleic acid (C18:1 n-9) and palmitoleic
cid (C16:1 n-7) respectively. These FAs are the major components
f membrane phospholipids, triglycerides and cholesteryl esters.
his reaction is catalyzed by SCD1. The rat liver SCD1 was the first
esaturase purified (Strittmatter et al., 1974). SCD1 is a 40 kDa

ntrinsic membrane protein anchored in the endoplasmic retic-
lum. This iron-containing enzyme catalyzes the biosynthesis of
onounsaturated FAs that requires acyl-CoA, NADH, NADH reduc-

ase, cytochrome b5, phospholipid, and oxygen. Global (Ntambi
t al., 2002) and liver-specific (Miyazaki et al., 2007) Scd1 knockout
ice have been generated by Ntambi’s group. Global Scd1 knockout
ice are lean and show a defect in the synthesis of lipids includ-

ng triglycerides. They are protected from diet-induced obesity and
nsulin resistance (Ntambi et al., 2002) and from obesity induced by
eptin deficiency (Cohen et al., 2002). A decrease in lipogenesis com-
ined with an increase in FA oxidation are reported to mediate the
rotective effects of SCD1 deficiency (Cohen et al., 2002; Dobrzyn
t al., 2004; Ntambi et al., 2002). Study of the mice lacking Scd1 in
he liver shows that this enzymes protects from obesity and steato-
is induced by a high carbohydrate/very low fat diet (Miyazaki et al.,
007).

.3. Triglyceride biosynthesis

Long chain acyl-CoA produced by de novo lipogenesis can be
sterified on glycerol in order to form glycerolipids (Fig. 1B).
hree steps lead to the incorporation of three acyl-CoAs on
lycerol-3-phosphate. The first esterification is catalyzed by
lycerol-3-phosphate acyltransferase (GPAT) and consists in the
sterification of an acyl-CoA on the first carbon of glycerol-3-
hosphate to form lysophosphatidic acid (LPA), which in turn
an be transformed either in phospholipid or in triglyceride. Four
PATs belonging to the same family of acyltransferase have been
escribed and encoded by four different genes (Cao et al., 2006;
hen et al., 2008; Ganesh Bhat et al., 1999; Harada et al., 2007;
agle et al., 2008; Wang et al., 2007). GPAT1 and GPAT2 are located

n the outer membrane of the mitochondria (Lewin et al., 2004)
hereas GPAT3 and GPAT4 are located in the endoplasmic retic-
lum (Gimeno and Cao, 2008). Unlike GPAT2 and GPAT3, GPAT1
nd GPAT4 are highly expressed in the liver. GPAT1 plays an impor-
ant role in triglyceride biosynthesis as illustrated by the decreased
iver TGs and VLDL secretion as well as plasma TGs in mice lack-
ng (Hammond et al., 2002; Hammond et al., 2005). These mice are
lso resistant to obesity and insulin resistance induced by high-fat
iet (Neschen et al., 2005). They also show a 40% and 30% decrease
n hepatic palmitic acid in triglycerides and phospholipids respec-
ively (Hammond et al., 2002). This highlights the preference of
PAT1 for palmitate esterification at the sn-1 position of glycerol-
-phosphate. It has also been reported that Gpat1 knock-down in
s of Lipids 164 (2011) 500–514 503

Ob/Ob mice results in the diminution of hepatic triacylglycerol and
diacylglycerol as well as plasma glycemia (Xu et al., 2006). Gpat4
knockout mice are also protected from high fat/high carbohydrate
diet-induced obesity and from obesity induced by leptin deficiency
(Vergnes et al., 2006). It seems that GPAT4 is less specific than
GPAT1 and that it is able to esterify both saturated and unsatu-
rated FAs into glycerol 3-phosphate to produce lysophosphatidic
acid (Chen et al., 2008).

The next step consists in the esterification of another acyl-CoA
on the sn-2 position of the LPA glycerol backbone in order to form
phosphatidic acid (PA). This reaction is catalyzed by 1-acylglycerol-
3-phosphate acyltransferases (AGPATs) proteins. To date, there are
ten proteins with suspected AGPAT activity (AGPAT1–10) (Agarwal
et al., 2006, 2007; Leung, 2001; Li et al., 2003; Sukumaran et al.,
2009; Tang et al., 2006; Ye et al., 2005). However, only AGPAT1
and AGPAT2 have a clearly demonstrated enzyme activity (Leung,
2001). Furthermore, it seems that AGPAT2 is the isoform involved
in acylation of LPA in the formation of TG. First, AGPAT2 has the
strongest activity in in vitro assays when compared to AGPAT3-5,9
(Agarwal et al., 2007; Lu et al., 2005). Second, 80% of transgenic pups
lacking Agpat2 die after three weeks of age (Cortes et al., 2009), con-
firming that AGPAT2 plays a crucial role and cannot be substituted
by other AGPATs. The other Agpat mRNA levels were measured and
only slight increases were observed in mice lacking Agpat2. Total
AGPAT enzymatic activity was reduced by 90% in the liver of these
mice, confirming that AGPAT2 is responsible for the majority of
the activity in the liver (Cortes et al., 2009). Finally, the preferen-
tial acyl-CoA incorporated in LPA by AGPAT2 is oleyl-CoA (C18:1
n-9). Several other acyl donors are incorporated including C14:0,
C16:0, and C18:2 acyl-CoAs, with lower incorporation of C18:0 and
C20:4 acyl-CoAs (Eberhardt et al., 1997; Hollenback et al., 2006).
This is in accordance with TG composition in which sn-2 position
is mainly composed of monoenoic and dienoic acyl groups rather
than polyenoic acyl group generally enriched in sn-2 position of
phospholipids (Glosset, 1996).

In order to form a triglyceride by esterifying another acyl-
CoA on the sn-3 of PA, this one has to be dephosphorylated. This
dephosphorylation is catalyzed by a family of proteins called phos-
phatidate phosphatase-1 enzymes (also known as LIPIN). Three
enzymes belong to this family: LIPIN1, LIPIN2 and LIPIN3 (Carman
and Han, 2009).

The last step in the triglyceride synthesis is catalyzed by the dia-
cylglycerol acyltransferase (DGAT). To date, two enzymes sharing a
DGAT activity have been discovered: DGAT1 and DGAT2 (Coleman
and Lee, 2004). These two proteins are encoded by separate genes
(Cases et al., 1998, 2001; Lardizabal et al., 2001; Oelkers et al., 1998).
Under basal condition DGAT2 localizes in the endoplasmic reticu-
lum. When oleic acid is provided DGAT2 localizes near the surface
of lipid droplets where it co-localizes with mitochondria (Stone
et al., 2009). DGAT1 is located in the endoplasmic reticulum (Cao
et al., 2007), but it has also been reported that it also co-localizes
with lipid droplets in S. cerevisiae (Sorger and Daum, 2002). Over-
expression of either Dgat1 or Dgat2 leads to increased amounts
of TGs in transfected cells. In cells over-expressing Dgat1 the TG
accumulation occurs as small lipid droplets around the cell periph-
ery whereas in Dgat2 transfected cells TGs are located in large
cytosolic lipids droplets (Stone et al., 2004). DGAT1 and DGAT2
are both expressed in a wide variety of tissues including the liver
(Cases et al., 1998, 2001). DGAT2 seems to have a greater activity
than DGAT1 as over-expression of Dgat2 leads to more important
TG accumulation than in Dgat1 over-expressing cells (Stone et al.,
2004). Furthermore, transgenic mice lacking Dgat2 present a lethal

neonatal lipopenia not compensated by the presence of DGAT1.
Transgenic mice lacking Dgat1 are viable but present a reduction in
adiposity and a resistance to high fat diet-induced obesity (Smith
et al., 2000).
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.4. Lipogenesis and fatty acid signaling

As opposed to essential FAs of the n-6 and n-3 series, FAs synthe-
ized through de novo lipogenesis are saturated or unsaturated FAs
f the n-7 and n-9 series. Through a combination of elongation and
esaturation mammalian cells can synthesize a wide number of FAs
Guillou et al., 2010). Depending on chain length and unsaturation,
hese fatty acids may become substrates for enzymes catalyzing
he incorporation of acyl chains into more complex lipids (Fig. 1B).
he selective acyl-chain incorporation into various lipid classes has
een known for a long time. The development of new methods in
he field of lipid biochemistry (Brown and Murphy, 2009; Clark
t al., 2011; Ivanova et al., 2009; Shevchenko and Simons, 2010)
rings further insights into the analysis of specific lipids and allows
o raise novel and major questions as to how this occurs and how
he acyl chains may influence signaling (Chakravarthy et al., 2009;
lark et al., 2011).

In the recent years, original approaches based on the devel-
pment of various transgenic mouse models, on cutting-edge
ipidomic analysis and systems biology have led to the proposal that
ey-lipogenic enzymes not only provide fatty acid for storage as TGs
ut intermediate metabolic signals. This is consistent with the dif-
erent phenotypes observed in mouse models lacking the various
nzymes required for TG synthesis. Exploiting this signaling path-
ay represents the concept of “Lipoexpediency” that introduces
ossible lipogenic signals as involved in protecting the organ-

sm against deleterious effects of acute lipogenesis itself (Lodhi
t al., 2011). Lipoexpediency in whole body homeostasis has been
xtensively discussed (Lodhi et al., 2011). Here, we focus on lipo-
xpediency occurring in the liver.

Free palmitoleic acid (C16:1 n-7) has been identified as a
lipokine” reported to have beneficial effects on insulin resis-
ance. It has been reported that increased amounts of this lipokine
ere correlated with insulin sensitivity (Cao et al., 2008). Trans-

enic mice lacking Elovl6 are protected against diet-induced insulin
esistance without any amelioration of obesity or hepatosteatosis
Matsuzaka et al., 2007). This resistance was attributed to improved
nsulin signaling, a benefic effect suggested to be correlated with
almitoleic acid availability (Matsuzaka et al., 2007).

As detailed previously, transgenic mice lacking Fasn in the liver
re not protected from lipid accumulation when fed a low fat/high
arbohydrate diet. These mice also showed a decrease in perox-
some proliferator activated receptor alpha (PPAR�) target genes
xpression and a phenotype similar to those observed with the
ransgenic mice lacking Ppar˛ (Chakravarthy et al., 2005), a nuclear
eceptor that is a master regulator of genes involved in FA oxidation.
hakravarthy et al. (2009) demonstrated that phosphatityl-choline
PC) containing palmitic acid (C16:0) and oleic acid (C18:1 n-9),
wo fatty acids derived from FASN activity, is a relevant ligand
or PPAR�. Therefore, de novo lipogenesis produces an endogenous
igand that binds to and activates PPAR� thereby preventing fat
ccumulation through the induction of FA oxidation.

While we have focused on hepatic FA synthesis and liver-related
henotype of transgenic mice, it should be stated here that lipoge-
esis occurs to a lower extent in various tissues. Moreover, it is not
nly a critical event in energy storage and signaling in the context
f metabolic related diseases. It is also clear that FA metabolism is
ritical for many other cellular functions.

. Oxysterols as ligands for LXRs
.1. LXRs, class II nuclear receptors

The Liver X Receptors are transcription factors which belong to
he nuclear receptor (NR) superfamily, which comprises 49 mem-
cs of Lipids 164 (2011) 500–514

bers in mouse and 48 in human. There are two isoforms of LXR:
LXR� (NR1H3) and LXR� (NR1H2). Both have been discovered in
1995 (Teboul et al., 1995; Willy et al., 1995). They are class II NRs and
form obligate heterodimer with Retinoid X Receptors (RXRs) the
receptors for 9-cis retinoic acid (Repa and Mangelsdorf, 2000). The
heterodimer LXR/RXR binds to the DNA (Fig. 2), on LXR responsive
element (LXRE) composed by two direct repeat of the consensus
sequence (AGGTCA) separated by four nucleotides (DR4). While
LXR� is highly expressed in liver, intestine, kidney, and adipose tis-
sue, LXR� expression is expressed in many tissues (Auboeuf et al.,
1997; Repa and Mangelsdorf, 2000).

As other nuclear receptors, LXRs are organized in different
functional domains. The poorly conserved amino-terminal domain
(A/B) contains a ligand independent transactivation function (AF-
1), which stimulates a basal transcription even in the absence of a
ligand. The central domain or DNA binding domain (DBD) is highly
conserved and contains two zinc finger motifs, which interact with
DR4 binding sites in the promoter of target genes. And finally, LXR
contains a well-conserved carboxy terminal ligand binding domain
(LBD) that exhibits a ligand-dependent transactivation function
(AF-2). Upon ligand binding, the LBD interacts with different coreg-
ulators (for a review see Viennois et al., 2011).

In the absence of the ligand LXR/RXR binds to the DNA in the
promoter of target genes and interacts with corepressors such
as nuclear receptor co-repressor (NCoR) or silencing mediator of
retinoid and thyroid receptors (SMRT) (Hu et al., 2003). Corepres-
sors recruit proteins with histone deacetylases activity (HDACs),
recruited through the interaction with the stress-activated MAP
kinase interacting protein 3 (Sin3) (Jones et al., 2001). The DNA
environment is then in a non-transcription permissive state and
the transcription machinery cannot interact with the initiation site
of transcription. Upon ligand binding to the LBD there is a mod-
ification in the conformation of LXR (Glass and Rosenfeld, 2000)
which leads to the release of co-repressors (Hu et al., 2003) and the
recruitment of co-activators such as activating signal cointegrator-
2 (ASC-2) (Lee et al., 2008) or receptor-interacting protein 140
(RIP140) (Herzog et al., 2007) on the helix 12 of the LBD (Svensson
et al., 2003). The histones are then acylated, the chromatin gets in a
transcription-permissive state and the transcription machinery can
be recruited and initiate transcription. Upon binding to a response
element, LXR becomes acylated. It has been shown (Li et al., 2007b)
that after the transcription of the target gene has occurred, LXR
is deacetylated by NAD-dependent deacetylase sirtuin-1 (SIRT1),
which leads to the ubiquitination of LXR and its degradation by
the proteasome. This action of SIRT1 improves the turnover of LXR
through activation/degradation cycle and enhances LXR activity (Li
et al., 2007b).

LXRs have first been considered as orphan receptors because
their natural ligands were unknown. However, Mangelsdorf’s
group first showed that oxidative derivatives of cholesterol,
the oxysterols, induce LXR� activity in a gene reporter system
(Janowski et al., 1996).

3.2. Origins and synthesis of oxysterols

Oxysterols have been first discovered in 1913 by Lifschutz
(1913) as autoxidation products of cholesterol. These compounds
have early been described as modulators of cholesterol metabolism
through their influence on the sequestration of SREBPs in the
endoplasmic reticulum thereby limiting the expression of genes
involved in cholesterol synthesis (see for review Brown and Jessup,
2009). They also directly regulate the degradation of 3-hydroxy-3-

methylglutaryl CoA reductase (HMGCR), the rate-limiting enzyme
in cholesterol synthesis (Brown and Jessup, 2009). Oxysterols are
also activators of LXR (Janowski et al., 1996; Lehmann et al., 1997).
Many different oxysterols are known, they all share a choles-
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Fig. 2. Schematic representation of LXR activation. (A) In the absence of ligand, the Liver X Receptor (LXR)/Retinoid X Receptor (RXR) heterodimer is bound to a DR4 response
element on the promoter of target genes. Co-repressors: nuclear receptor co-repressor (NCoR) or Silencing Mediator of Retinoid and Thyroid Receptors (SMRT), stress-activated
MAP kinase interacting protein 3 (Sin3) and histone deacetylases (HDAC) are bound to the LXR/RXR heterodimer and keep the DNA in a non transcription-permissive state.
(B) Upon binding of an agonist (for instance 22(R)-hydroxycholesterol) on the ligand binding domain (LBD) of LXR, there is a conformational change which leads to the
departure of the co-repressors and recruitment of co-activators such as activating signal cointegrator-2 (ASC-2). (C) At the same time, several mechanisms including histone
modifications and chromatin remodeling, allow RNA polymerase II and the transcriptional machinery including general transcription factor (GTF), transcription factor II D
(TFIID), and the mediator complex, to increase the transcription of the target gene. (D) Next, NAD-dependent deacetylase sirtuin-1 (SIRT1) deacetylates LXR which leads to
its ubiquitination and degradation by the proteasome. This mechanism seems to be important to start another transcription cycle of the target gene.
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erol structure with an oxygen-containing functional group such
s hydroxyl, keto or epoxyde group (for a review see Schroepfer,
000). The oxygen-containing functional group can be added at
he sterol ring or at the side chain of cholesterol. Oxysterols can
e derived from non-enzymatic or from enzymatic oxidation of
holesterol or both.

There is a huge variety of oxysterols. Their origin has been
eviewed by various authors (Brown and Jessup, 2009; Gill et al.,
008; Russell, 2000; Schroepfer, 2000). In addition, the specific

mpact of individual oxysterols on LXR may highly depend on genes
nd tissues. For instance, 5�,6�-epoxycholesterol was recently
hown to exert both agonist or antagonist activities depending on
XR target genes and on cellular context (Berrodin et al., 2010). In
he present manuscript we chose to focus on the formation of some
xysterols that have been described to occur through enzymatic

athways (Fig. 3). These oxysterols are 20(S)-hydroxycholesterol
Janowski et al., 1996), 22(R)-hydroxycholesterol (Janowski et al.,
996), 24(S)-hydroxycholesterol (Janowski et al., 1996; Lehmann
t al., 1997), 25-hydroxycholesterol (Janowski et al., 1996), 27-

Acetyl-CoA

Hmg-CoA

Squalene

MOSDOS

Cholesterol24(S),25-epoxychlesterol

HO
HO

O

HO

22(R)-hydroxyc

Squalene 
epoxydase

Oxidosqualene
cyclase

20(S)-hydroxycholesterol

HO

HO

CYP11A1CYP11A1

ig. 3. Synthesis and structures of oxysterols with LXR agonist activity. 20(S)
ydroxycholesterol and 27-hydroxycholesterol are synthesized from cholesterol. Hydro
eactions that lead to their synthesis are catalyzed by CYP11A1 for both 20(S)-hydroxy
4(S)-hydroxycholesterol, 25-hydroxycholesterol and 27-hydroxycholesterol respectively
hares the same enzymes as the mevalonate pathway. Two enzymes are involved and con
nd dioxidosqualene (DOS). Oxydosqualene cyclase (OSC) catalyzes the first reaction of t
rom MOS and DOS respectively. 24(S),25-epoxycholesterol have the same structure as ch
cs of Lipids 164 (2011) 500–514

hydroxycholesterol (Fu et al., 2001; Janowski et al., 1996) and
24(S),25 epoxycholesterol (Lehmann et al., 1997; Svensson et al.,
2003) which are generally thought to be physiologically relevant
LXR agonists in lipogenic tissues.

3.3. Biosynthesis of hydroxycholesterols

The formation of hydroxycholesterol is catalyzed by several
enzymes (Fig. 3). CYP46A1 is a microsomal enzyme which catalyzes
the reaction leading to the synthesis of 24(S)-hydroxycholesterol.
This oxysterol is also called cerebrosol as it is found in large
amounts in the brain (Bjorkhem, 2007). 27-Hydroxycholesterol is
an intermediate in bile acid synthesis, it is produced by the mito-
chondrial enzyme CYP27A1 and it is the main oxysterol found in the
circulation. Cholesterol 25 hydroxylase (CH25H) synthesizes the

25-hydroxycholesterol. Unlike other enzymes involved in oxysterol
synthesis, which are cytochrome P450 members, CH25H is a di-iron
enzyme located in the ER and the Golgi and found at low levels in
most tissue (Russell, 2000). However, this oxysterol has also been

HO

OHH

24(S)-hydroxycholesterol
OHH

holesterol

27-hydroxycholesterol

HO

OH

25-hydroxycholesterol

HO

OH

CYP46A1

CH25H

CYP27A1

-hydroxycholesterol, 22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol, 25-
xy groups are branched in different parts of the side chain of the cholesterol. The
cholesterol and 22(R)-hydroxycholesterol and CYP46A1, CH25H and CYP27A1 for
. 24(S),25-epoxycholesterol is synthesized in a “shunt pathway” which parallels and
trol this pathway. Squalene epoxydase (SE) synthesizes monooxidosqualene (MOS)
he pathway leading to the formation of cholesterol and 24(S),25-epoxycholesterol
olesterol with an epoxy group branched on the carbons 24 and 25 of the side chain.
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eported to appear through a non-enzymatic reaction (Smith, 1987)
nd through the activity of CYP3A (Honda et al., 2011). Finally,
YP11A1 catalyzes the formation of both 20(S)-hydroxycholesterol
nd 22(R)-hydroxycholesterol (Gill et al., 2008). However, these
wo compounds are intermediates in steroidogenesis and their syn-
hesis mainly occurs in the adrenals (Gill et al., 2008).

Hydroxycholesterols have been reported in the mid 90s to acti-
ate LXR activity using gene reporter assays in vitro, for LXR�
Janowski et al., 1996) and for both isoforms (Lehmann et al., 1997).
n 2007, Chen et al. (2007) brought another strong evidence in vivo
or the activation of LXR by oxysterols. They showed that over-
xpression of the sulfotransferase SULT2B1 leads to an impaired
XR signaling both in vitro and in vivo. They also observed an
mpaired LXR activity in Cyp46a1, Ch25h and Cyp27a1 triple knock-
ut mice (Chen et al., 2007) demonstrating in vivo the role of
xysterols in the activation of LXRs. However, the expression of
rebp-1c, a LXR target gene, was still elevated in response to choles-
erol feeding suggesting the presence of other endogenous ligands
ot synthesized by the deleted genes. Several studies showed
hat sulfated 25-hydroxycholesterol, the 25-hydroxycholesterol-
-sulfate is not only an inactivated oxysterol but has potent
XR antagonistic properties. Providing 25-hydroxycholesterol-3-
ulfate to cell culture or over-expressing SULT2B1, the enzyme
nvolved in generating 25-hydroxycholesterol-3-sulfate (Li et al.,
007a), leads to a decrease of LXR activity (Bai et al., 2010; Xu et al.,
010). Other sulfated oxysterols such as 5�,6�-epoxycholesterol-
-sulfates and 7-ketocholesterol-3sulfates are antagonistic ligands
f Liver X Receptors (Song et al., 2001).

.4. The mevalonate shunt pathway: another source of LXR
igands

24(S),25-epoxycholesterol is another activating ligand for LXRs.
t has been discovered in 1981 by Nelson et al. (1981). As other
xysterols, 24(S),25-epoxycholesterol has the capacity to decrease
holesterol synthesis by reducing the activity of HMGCR (Dollis and
chuber, 1994; Saucier et al., 1985; Taylor et al., 1986), inducing its
egradation (Song and DeBose-Boyd, 2004) as well as limiting the
rocessing of SREBP-2 (Janowski et al., 2001; Wong et al., 2006) a
ranscription factor involved in cholesterol synthesis. Unlike previ-
usly mentioned hydroxycholesterols, 24(S),25-epoxycholesterol
s not a cholesterol-derived oxysterol. Its established enzymatic
iosynthesis occurs as a shunt in the mevalonate pathway which
arallels the cholesterol biosynthesis pathway (Fig. 3). Therefore,
4(S),25-epoxycholesterol biosynthesis is under the same feed-
ack control as cholesterol synthesis (Wong et al., 2007). This
hunt pathway starts with the monooxidosqualene (MOS) which
an be transformed into dioxidosqualene (DOS) by the squalene
poxydase (SE), also known as the squalene monooxygenase (SM).
emarkably, the degradation of this enzyme has very recently
een reported to be under a proteasomal control regulated by
holesterol (Gill et al., 2011). The oxydosqualene cyclase (OSC)
an then convert the cholesterol precursor, the MOS, and the
4(S),25-epoxycholesterol precursor, the DOS, into lanosterol and
4(S),25-epoxylanosterol respectively (Nelson et al., 1981). These
wo compounds are then transformed through several reactions to
orm either cholesterol or 24(S),25-epoxycholesterol (Panini et al.,
986). The enzymes involved in these reactions are shared by the
wo pathways. Several studies showed that this oxysterol acti-
ates LXR (Janowski et al., 1999; Lehmann et al., 1997). However,
hese studies relied on the addition of 24(S),25-epoxycholesterol
o in vitro systems and cell culture. Later several approaches have

lso been used to modulate the amounts of endogenously produced
4(S),25-epoxycholesterol. Some of these approaches are based
n the fact that OSC has a better affinity for DOS than for MOS
Boutaud et al., 1992). Statins, molecules used in therapy in order
s of Lipids 164 (2011) 500–514 507

to decrease hypercholesterolemia and related cardiovascular dis-
eases, are inhibitors of HMGCR an enzyme catalyzing the formation
of mevalonate. Treatment of THP-1 macrophages with statins leads
to the decreased synthesis of both 24(S),25-epoxycholesterol and
cholesterol as well as the decrease of two typical LXR target genes:
ABCA1 and ABCG1 (Wong et al., 2004). This impaired LXR response
is rescued by adding exogenous 24(S),25-epoxycholesterol. These
effects of statins seem to depend on the presence of cholesterol
in the cells, since supplementing cells with cholesterol reverses
the statin-mediated effects on LXR activity whereas depleting cel-
lular cholesterol tends to strengthen the effect of statins (Wong
et al., 2008b). Statins have also been used as a pretreatment in
order to induce a burst on mevalonate pathway. This pretreat-
ment on Chinese hamster ovary (CHO-7) cells leads to an increase
of cholesterol synthesis paralleled with an increase of 24(S),25-
epoxycholesterol synthesis and LXR signaling (Wong et al., 2008a).
In both cases, increased or decreased mevalonate pathway flow,
the 24(S),25-epoxycholesterol synthesis and cholesterol synthesis
seem to parallel each other. The 24(S),25-epoxycholesterol appears
as a compound that protects the cell against endogenous choles-
terol (Wong et al., 2007). Other studies investigated the possibility
of uncoupling 24(S),25-epoxycholesterol and cholesterol pathway
to better elucidate the role of 24(S),25-epoxycholesterol. Because
OSC shows a better affinity for DOS than for MOS, incomplete inhi-
bition of this enzyme explains why the squalene epoxyde can be
channeled into 24(S),25-epoxycholesterol pathways (Morand et al.,
1997). Using partial inhibition of OSC allows to uncouple 24(S),25-
epoxycholesterol synthesis from cholesterol synthesis as the MOS
synthesized by SE accumulates and can be catalyzed once again
by SE to form DOS. DOS will then be transformed into 24(S),25-
epoxycholesterol. Indeed, OSC inhibitors was shown to induce a
decrease of cholesterol synthesis as well as an increase of 24(S),25-
epoxycholesterol synthesis and up-regulation of LXR activity in
THP-1 human macrophages (Beyea et al., 2007; Wong et al., 2004),
murine macrophage cell line (Wong et al., 2004) HepG2 (Morand
et al., 1997), CHO-7 (Wong et al., 2008a). In 2007, Wong et al.
(2008a) used another approach that evidenced the role of endoge-
nous 24(S),25-epoxycholesterol. As a partial inhibition of OSC leads
to increased synthesis of 24(S),25-epoxycholesterol, they over-
expressed the gene coding for human OSC in CHO-7 cells. These
cells are depleted from 24(S),25-epoxycholesterol and showed a
decreased in LXR activity when compared to control cells. Inter-
estingly, on the basis of experiments performed with statins in
rat hepatoma cells it was also shown that a tonic activation of
LXR by an oxysterol intermediate in the biosynthesis of choles-
terol was required for the transcription of SREBP1c (DeBose-Boyd
et al., 2001). All of these studies support the notion that cholesterol
biosynthesis through its effect on 24(S),25-epoxycholesterol may
influence LXR activity.

3.5. Roles of LXR in vivo

With the identification of oxysterols as physiological ligands of
LXRs the possible role for these receptors in cholesterol metabolism
was suspected. Transgenic mice lacking LXR� (Peet et al., 1998),
LXR� (Repa et al., 2000a) or both (Repa et al., 2000a) have been
created thereby providing great tools to better understand the
importance and significance of individual LXR isoforms in vivo. Evi-
dences from the first studies with mice lacking LXRs supported
the hypothesis that LXRs are involved in the regulation of choles-
terol disposal making it an attractive drug target for the treatment
of cholesterol related diseases. Synthetic high affinity compounds

capable of activating LXRs have been developed. T0901317 (Schultz
et al., 2000) and the GW3965 (Collins et al., 2002) are the most fre-
quently used compounds to target LXR in research. Unlike GW3965,
TO901317 is not strictly selective for LXR (Houck et al., 2004; Mitro
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Fig. 4. Direct and indirect roles of LXR in the transcriptional control of hepatic
lipogenesis by nutritional status. The genes coding for two lipogenic transcription
factors: sterol regulatory element-binding protein 1c (SREBP-1c) and carbohydrate
responsive element binding protein (ChREBP) are under the control of LXR. These
three transcription factors regulate genes that are involved in glycolysis (GK, L-PK),
fatty acid (FA) synthesis (ACC, FASN ELOVL6 and SCD1) and/or triglyceride (TG)
synthesis (GPAT AGPAT, LIPIN and DGAT). The mechanisms are not fully described.
ChREBP is activated by elevated glucose. Oxysterols are LXR ligands that can induce
its activity. Other mechanisms can modify LXR activity. In the fed state, insulin reg-
ulates lipogenic genes including SREBP-1c however it seems that this regulation
requires the presence of LXR. Insulin via the insulin receptor (IR), phosphatidyli-
nositol 3-kinase (PI3 K) phosphoinositide-dependent kinase (PDK) protein kinase B
(PKB/AKT) phosphorylates the Forkhead box O (FoxO) transcription factor and
inhibits its inhibitory effect on LXR-dependant transcription of Srebp-1c. During
fasting, glucagon level increases and, as a consequence, proteine kinase A (PKA),
a mediator of glucagon/cAMP, represses the LXR induced expression of Srebp-1c.
Bile acids also regulate LXR. Bile acids activate farnesoid X receptor (FXR) which in
turn activates the small heterodimer partner (SHP) a nuclear receptor which lacks
the DNA binding domain (DBD) common to most nuclear receptor. SHP is able to
08 S. Ducheix et al. / Chemistry and

t al., 2007; Shenoy et al., 2004) (for a review on the LXR-ligand
ee Viennois et al., 2011). When administered in vivo, these syn-
hetic ligands regulate a set of genes involved in reverse cholesterol
ransport from peripheral tissues to the liver (Costet et al., 2000;
ennedy et al., 2001; Repa et al., 2000b). LXRs are also involved in

he regulation of genes involved in cholesterol (Peet et al., 1998;
chultz et al., 2000), bile acid (Chiang et al., 2001; Peet et al., 1998)
nd steroid synthesis (Cummins et al., 2006; Mouzat et al., 2009;
obertson et al., 2005; Volle et al., 2007). However, LXRs are not
nly involved in the control of whole-body sterol homeostasis.
hey have been shown to be central receptors in the integration
f both metabolic and inflammatory signaling (reviewed in Zelcer
nd Tontonoz, 2006). The studies performed with transgenic mice
ave also allowed to evidence that LXRs are particularly impor-
ant in atherosclerosis (Calkin and Tontonoz, 2010; Lo Sasso et al.,
010b), thrombosis (Spyridon et al., 2011) macrophage signaling
A-Gonzalez et al., 2009; Hong et al., 2011), but also in immunity
Bensinger et al., 2008; Cui et al., 2011; Villablanca et al., 2010;
elcer and Tontonoz, 2006), reproduction (El-Hajjaji et al., 2011;
iennois et al., 2011), cell proliferation (Bensinger et al., 2008; Lo
asso et al., 2010a), cancer (Pommier et al., 2010; Villablanca et al.,
010), Alzheimer’s disease (Adighibe et al., 2006; Infante et al.,
010; Koldamova et al., 2005; Zelcer et al., 2007), and skin biol-
gy (Hanley et al., 2000; Jiang et al., 2006; Komuves et al., 2002).
ll the findings listed above have made LXRs major drug targets

Viennois et al., 2011). But the role of LXR in the regulation of fatty
cid synthesis prevents the use of current LXR synthetic agonists as
herapeutic agents. However, one group has reported the beneficial
ffect of a phytosterol-derived LXR agonist on plasma cholesterol
ithout hypertryglyceridemic effect (Kaneko et al., 2003). In addi-

ion, a recent report has evidenced the tissue specific activation
f LXR that promotes macrophage reverse cholesterol transport

n vivo (Yasuda et al., 2010).

. The major role of LXR in liver lipogenesis

Early studies showed that the use of T0901317 in vivo leads to a
assive hepatic steatosis and increased triglycerides enriched very

ow density lipoproteins (VLDLs) secretion (Grefhorst et al., 2002).
oreover, transgenic mice lacking LXR� showed decreased expres-

ion of genes involved in lipogenesis (Srebp-1c, Fasn, Scd1) (Peet
t al., 1998). Therefore, LXR has early been suspected to be a major
egulator of FA synthesis. A better understanding of the role of LXR
n the control of hepatic lipogenesis is a major issue as increased FA
ynthesis has been shown to contribute to the progression of non
lcoholic fatty liver disease (NAFLD) (Donnelly et al., 2005).

.1. LXR a master regulator of lipogenesis

LXRs appear to be direct regulators of the expression of criti-
al genes involved in lipogenesis in the liver. However, it must be
aid that a recent report highlight tissue-specific effect of LXR on
ipogenesis (Korach-Andre et al., 2011). The work referred to in the
ollowing paragraphs mainly relate on the pro-lipogenic effect of
XR action in the liver.

LXRE have been described on the promoter of Fasn (Joseph et al.,
002), Acc (Talukdar and Hillgartner, 2006) and Scd1 (Chu et al.,
006). LXR� seems to play a weaker role in lipogenesis than LXR�
ince transgenic mice lacking LXR� but not LXR� show reduced
ipogenic genes expression pattern when compared to the wild-
ype mice fed a high cholesterol diet (Repa et al., 2000a). It has
lso been shown that LXRs control the expression of two transcrip-

ion factors involved in lipogenesis: SREBP-1c (Repa et al., 2000a)
nd the carbohydrate responsive element binding protein (ChREBP)
Cha and Repa, 2007). Therefore LXRs play both a direct and an
ndirect role in the regulation of lipogenesis (Fig. 4).

interact with LXR and represses the expression of LXR target gene. NAD-dependent
deacetylase sirtuin-1 (SIRT1) is able to deacetylate LXR which leads to ubiquitina-
tion and degradation of LXR. This mechanism is important to “recycle” LXR and to
enhance its transcriptional activity of its target genes. Polyunsaturated fatty acids
(PUFAs) modulate the activity of LXR, ChREBP and SREBP-1c by distinct mechanism.
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Two LXREs were identified in the promoter of Srebp-1 (Chen
t al., 2004) although usually most promoters of LXR target genes
nly have a single LXRE (Costet et al., 2000). SREBPs are tran-
cription factors from the basic-helix-loop-helix leucine zipper
bHLH/LZ) transcription factor family and are located in the endo-
lasmic reticulum membrane as a precursor form. To influence
ranscription of their target genes, SREBPs must be proteolytically
leaved to release the NH2-terminal segment that can enter the
ucleus (Wang et al., 1994). There are three SREBP isoforms in
ammals which are designated SREBP-1a, SREBP-1c, and SREBP-2.

REBP-1a, and SREBP-1c are encoded by the same gene and differ
nly in their first exon (Shimomura et al., 1997; Yokoyama et al.,
993) whereas SREBP-2 is encoded by another gene (Hua et al.,
993; Miserez et al., 1997). SREBP-2 is involved in cholesterol syn-
hesis, indeed expression of a dominant-positive truncated form
f this protein leads to an increase of mRNA transcripts coding
or enzymes involved in cholesterol synthesis and an increase of
holesterol synthesis (Horton et al., 1998). SREBP-1c plays a role in
ipogenesis, as expression of a dominant-positive truncated form
f SREBP-1c leads to triglycerides accumulation in the liver and
n increase of lipogenic gene expression (Shimano et al., 1997,
999). Transgenic mice expressing a dominant-positive truncated
orm of SREBP-1a show an increase in both cholesterol and triglyc-
rides synthesis (Shimano et al., 1997), suggesting that SREBP-1a
hares its effects with the two others SREBP isoforms. Truncated
REBP-1a has stronger effects on lipogenesis than truncated SREBP-
c (Shimano et al., 1997). However, SREBP-1a is expressed only at

ow levels in the livers of adult mice, rats, hamsters, and humans
Shimomura et al., 1997), which suggests that in vivo SREBP-
c is the main isoform involved in the control of lipogenesis in
dults. The detailed mechanisms of SREBP-2 and SREBP-1a post-
ranscriptional activation in response to cellular sterol depletion
s well-described (Brown and Goldstein, 2009; Goldstein et al.,
006). SREBP-1c cleavage does not occur in response to low choles-
erol level. It is stimulated by insulin (Hegarty et al., 2005; Howell
t al., 2009; Yabe et al., 2003) and by endoplasmic reticulum stress
Kammoun et al., 2009). However, it is clear that the LXR-SREBP-1c
xis is very important for the effect of LXR on lipogenesis. Indeed, in
ice with a liver-specific deletion of SREBP-1c a highly disminished

esponse to LXR synthetic agonist and to fasting/refeeding was
bserved (Liang et al., 2002). The LXR-SREBP-1c axis is highly reg-
lated. Interestingly, it has recently been reported that, in human,
REBP-1c regulates the expression of a MicroRNA that mediates a
eedback loop on the auto-regulation (Laffitte et al., 2001) of LXR�
xpression (Ou et al., 2011).

Like SREBP-1c, ChREBP is also a bHLH/LZ transcription factor
amily that contributes to the regulation of lipogenesis (Denechaud
t al., 2008b). It has been discovered in 2001 by Uyeda’s group
Yamashita et al., 2001). The gene encoding for ChREBP is mainly
xpressed in liver, small intestine, kidney and white and brown
dipose tissue (Iizuka et al., 2004). It acts as an heterodimer with
ax like protein (Mlx) (Ma et al., 2006; Stoeckman et al., 2004). As

REBP-1c, ChREBP needs to be post-translationally modified and
hus activated in order to exert its transcriptional activity in the
ucleus. Under low concentration of glucose, ChREBP is phospho-
ylated and remains in the cytosol. Upon high carbohydrate feeding,
hREBP translocates into the nucleus. Even if ChREBP gene is under
he transcriptional control of LXR it has been reported that only glu-
ose induces its transcriptional activity (Denechaud et al., 2008a).
o date, several activation mechanisms have been described. One
equires dephosphorylation of ChREBP on its Ser-196 residue by the
rotein phosphatase 2A (PP2A) (Kabashima et al., 2003). This phos-

hatase is activated by xylulose-5-phosphate (X5P) (Kabashima
t al., 2003), a metabolite of the pentose-phosphate pathway
limented by glucose. Another mechanism involves the glucose
ensing domain (GSM), an evolutionary conserved domain located
s of Lipids 164 (2011) 500–514 509

on the N-terminus part of ChREBP (Li et al., 2006). This GSM domain
is reported to require glucose-6-phosphate (Li et al., 2010) to be
activated. ChREBP activity in response to glucose also seems to
involve its glycosylation (Sakiyama et al., 2010). Finally, a recent
study has provided evidence for another molecular mechanism that
regulates ChREBP activity. This mechanism involves the activity of
p300, histone acetyltransferase (HAT) co-activator that coactivates
glucose-mediated ChREBP induction of glycolytic and lipogenic
gene expression by acetylating both histone and ChREBP itself
(Bricambert et al., 2010). These authors have also identified the ser-
ine/threonine kinase salt-inducible kinase 2 (SIK2) as an upstream
regulator of ChREBP through its effect on p300.

When activated, SREBP-1c and ChREBP translocate to the
nucleus where they bind respectively to sterol response element
(SRE) and carbohydrate response element (ChoRE) of their target
genes and govern their expressions. SREs have been identified in
the promoter of major genes involved in fatty acid synthesis: Acc
(Lopez et al., 1996), Fasn (Latasa et al., 2000), Elovl6 (Kumadaki et al.,
2008), Scd1 (Tabor et al., 1999). Similarly, ChoRE have been located
on the promoters of Acc (O’Callaghan et al., 2001) and Fasn (Rufo
et al., 2001). Moreover, SREBP-1c−/− mice and ChREBP−/− mice
like LXR��−/−mice fed a standard diet show reduced expression of
lipogenic genes (Cha and Repa, 2007; Iizuka et al., 2004; Liang et al.,
2002; Repa et al., 2000a). LXR together with ChREBP and SREBP-
1c belong to a network of nutrient sensing factors involved in the
control of hepatic fatty acid synthesis.

4.2. Hormonal and nutritional regulation of LXR

Insulin signaling is essential to maintain glucose and lipid home-
ostasis in the fed state. It has been suggested that insulin activates
LXR (Chen et al., 2004; Tobin et al., 2002). Furthermore, the lack of
LXRs blunts the insulin induced expression of enzymes involved in
fatty acid and cholesterol metabolism (Tobin et al., 2002). The use
of a gene reporter assay showed that the induction of the expres-
sion of Srebp-1c by insulin requires the two LXREs in its promoter
(Chen et al., 2004). It has also been suggested from experiments
done in cell culture that a tonic activation of LXR by an endoge-
nously produced sterol is required in order to maintain SREBP-1c
expression (DeBose-Boyd et al., 2001). Brown and Goldstein’s group
also showed that insulin might lead to the synthesis of an endoge-
nous ligand required for the activation of SREBP-1c by LXR (Chen
et al., 2004). Another mechanism of LXR activation induced by
insulin has been proposed. The hepatic over-expression of a con-
stitutive active form of forkhead box-“Other” 1 transcription factor
(FoxO1) leads to a decrease expression of Srebp-1c (Zhang et al.,
2006). In the absence of any cellular stimulus FoxO transcription
factors localize in the nucleus where they regulate transcription of
their target genes. FoxOs are phosphorylated by the protein kinase
B (PKB), a downstream target of insulin receptor, and are inacti-
vated by relocalizing from the nucleus to the cytosol (Birkenkamp
and Coffer, 2003). Zhang et al. (2006) postulated that constitutively
active FoxO1 might impair LXR activity. Recently, it has been shown
that active form of FoxO1 counteracts the binding of LXR� with
the LXRE in the Srebp-1c promoter (Liu et al., 2010). This suppres-
sion of Srebp-1c expression by FoxO1 can be counteracted by the
inactivation of FoxO1 by insulin (Liu et al., 2010).

During fasting, glucagon is secreted by the �-cells of the pancre-
atic islets in response to low blood glucose. In the liver, glucagon
induces an increase of intracellular cAMP and induces downstream
activation of the protein kinase A (PKA). This kinase is involved in
several cellular mechanisms by phosphorylating its target proteins.

PKA can phosphorylate LXR on its ligand binding domain and het-
erodimerization domain (Yamamoto et al., 2007). This leads to a
decrease of LXR activity (Yamamoto et al., 2007). This finding is in
accordance with an inhibition of lipogenesis induced by glucagon.
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Essential fatty acids, also known as polyunsaturated fatty acids
PUFAs), of the n-3 and n-6 series can modulate lipids metabolism.
inoleic (C18:2 n-6) and �-linolenic acids (C18:3 n-3), the pre-
ursors of n-6 and n-3 fatty acid families respectively, cannot be
ynthesized in animals and must be provided by the diet. These
recursors can be further desaturated and elongated to produce
ery long chain PUFAs such as arachidonic acid (C20:4 n-6) and
ocosahexaenoic acid (C22:6 n-3) (Guillou et al., 2010). It has been
howed that the presence of PUFAs in the diet decrease the expres-
ion of genes coding for enzymes involved in lipogenesis such as
asn, Acc and Scd1 (Jump and Clarke, 1999). Whereas a deficiency
n dietary PUFAs (Alwayn et al., 2004; Sekiya et al., 2003) or disrup-
ion of the very long chain PUFA synthesis pathway (Moon et al.,
009) leads to an increased lipogenesis and triglycerides accumu-

ation in the liver. PUFAs repress the expression of SREBP-1c (Ou
t al., 2001) and its post-transcriptional maturation (Hannah et al.,
001). Moreover, PUFAs also inhibit hepatic maturation of ChREBP
Dentin et al., 2005). PUFAs are also known to be able to bind to
nd activate certain nuclear receptors such as PPAR � (Gottlicher
t al., 1992; Martin et al., 2007). It has also been showed that PUFAs
ind to LXR and act as antagonists in in vitro settings and in cell cul-
ure (Ou et al., 2001; Svensson et al., 2003). Therefore PUFAs may
ot only repress lipogenic gene expression through SREBP-1c and
hREBP but also via LXR (Ou et al., 2001). However, this possibility

s still very much debated since further studies performed in cell
ulture (Pawar et al., 2002, 2003) and in vivo (Pawar et al., 2003;
akeuchi et al., 2010) have provided results which are not consis-
ent with such possibility. Beside the debated antagonistic effect of
UFAs on LXR activity, it has also been shown that certain PUFAs
ay repress transcription of Srebp-1c by reducing trans-activating

apacity of LXR (Howell et al., 2009).
Other nutrient-sensing mechanisms that influence LXR-

ediated promotion of fatty acid synthesis may involve the
arnesoid X receptor (FXR, NR2H4) and the histone deacetylase
IRT1. FXR is activated by bile acids (Makishima et al., 1999). Upon
ctivation, FXR induces the expression of the short heterodimer
artner (SHP, NR0B2) (Goodwin et al., 2000), an atypical orphan
uclear receptor lacking a DNA-binding domain. It is known to act
s a corepressor of many nuclear receptors. Brendel et al. (2002)
howed that SHP interacts with the helix 12 of LXR and represses
he expression of typical LXR target as well as reducing its activity
n a gene reporter assay. SIRT1 acts in response to nutrient availabil-
ty as a master switch in lipid and glucose homeostasis (Feige and
uwerx, 2007; Hou et al., 2008; Ponugoti et al., 2010). As described
arlier, SIRT1 deacetylates LXR which leads to its ubiquitination
nd its degradation through the proteasome (Li et al., 2007b). This
egradation is important for recycling LXR and maintaining its
ctivity. Transgenic mice lacking Sirt1 show similar characteris-
ics as transgenic mice lacking LXR: decreased HDL-cholesterol and
lasma triglycerides (Kalaany et al., 2005; Li et al., 2007b).

. Conclusion

LXRs play an essential role in lipid homeostasis highlighted by
ts central position at the crossroad between cholesterol and fatty
cid metabolism. It is a critical receptor in the control of various
hysiological functions that relates not only to metabolic and car-
iovascular diseases such as obesity, atherosclerosis and diabetes,
ut also to other diseases such as dermatological and reproductive
isorders, Alzheimer’s disease and cancer. Therefore, LXRs show
reat potential as pharmacological targets and the development of

elective LXR agonist without deleterious side effects such as those
hat occur as a consequence of elevated lipogenesis is a major chal-
enge. Another challenge in the field is the development of highly
ensitive biochemical approaches that will allow us to better under-
cs of Lipids 164 (2011) 500–514

stand the tissue-specific oxysterol metabolism. It is required to
better delineate the role of the oxysterol-LXR axis in health and
disease.
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