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Summary

Liver X receptors (LXRs) o and 3 belong to a group of nuclear receptors which, after ligand bin-
ding, regulate gene transcription. Their natural agonists are oxidized cholesterol derivatives (oxy-
sterols). The main function of LX receptors is the regulation of cholesterol metabolism. In the
first part of this work we discussed the structure and mechanism of action of LXRs, their ago-
nists and antagonists, the regulation of LXR expression, and their role in cholesterol and lipid
metabolism. In the present article we describe other roles of LXRs. Agonists of these receptors
increase insulin sensitivity and stimulate insulin secretion. Activation of LXRs inhibits inflam-
mation and autoimmune reactions. Moreover, pharmacological studies and genetic manipulations
indicate that these receptors inhibit atherogenesis. LX receptors are also involved in the regula-
tion of renin secretion, inhibit the formation of amyloid 3 in the central nervous system, regula-
te gonadal function and steroidogenesis both in gonads and in adrenals, influence the prolifera-
tion and differentiation of keratinocytes, and inhibit the proliferation of tumor cells. Changes in
the expression of these receptors and in the level of their agonists are observed in many diseases.
Taking into account the multiple roles of LX receptors, their agonists may be applied in the fu-
ture in the treatment of many disorders, including diabetes, inflammatory diseases, atherosclero-
sis, Alzheimer’s disease, and hypogonadism. However, possible side effects should be taken into
account, including enhancement of lipogenesis, hypertriglyceridemia, and liver steatosis. The
function of LX receptors is also modulated by many currently used drugs such as statins, fibra-
tes, and thazolidinedione derivatives.

liver X receptor * oxysterols ¢ diabetes mellitus * inflammation ¢ atherosclerosis
Alzheimer’s disease ° statins ° fibrates

Streszczenie

Receptory watrobowe X (LXR) typu o i B naleza do grupy receptoréw jadrowych, ktére po zwia-
zaniu ligandu reguluja transkrypcje gendw. Naturalnymi agonistami tych receptoréw sa utlenione
pochodne cholesterolu (oksysterole). Podstawowa funkcja receptoréw LXR jest regulacja meta-
bolizmu cholesterolu. W pierwszej czgsci pracy oméwiono budowe i mechanizm dziatania re-
ceptorow LXR, ich agonistéw i antagonistéw, regulacje ekspresji tych receptoréw oraz ich udziat
w regulacji metabolizmu cholesterolu i lipidéw. W niniejszym artykule opisano znaczenie re-
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Stowa kluczowe:

ceptorow LXR w innych procesach. Agonisci tych receptoréw zwigkszaja wrazliwos¢ na insuli-
ne oraz pobudzaja jej wydzielanie. Pobudzenie receptoréw LXR hamuje proces zapalny i reak-
cje autoimmunologiczne. Ponadto, badania farmakologiczne i manipulacje genetyczne wskazuja
na przeciwmiazdzycowe dziatanie tych receptoréw. Receptory LXR biora udziat w regulacji wy-
dzielania reniny, hamuja powstawanie amyloidu 3 w osrodkowym uktadzie nerwowym, reguluja
funkcje gonad, a takze proces steroidogenezy zaréwno w gonadach, jak i w nadnerczach, wpty-
waja na proliferacj¢ i réznicowanie komoérek naskoérka oraz hamuja proliferacj¢ komoérek nowo-
tworowych. Zmiany w ekspresji tych receptoréw oraz zmiany poziomu ich agonistéw — oksyste-
roli, wystepuja w wielu chorobach. Biorac pod uwage wielorakie znaczenie receptoréw LXR, ich
agonis$ci moga w przyszlosci znaleZ¢ zastosowanie w leczeniu wielu choréb, w tym cukrzycy,
choréb zapalnych, miazdzycy, choroby Alzheimera, hipogonadyzmu, itp. Nalezy jednak bra¢ pod
uwage mozliwe dzialania niepozadane, w tym wzrost lipogenezy, hipertriglicerydemig i sttusz-
czenie watroby. Na funkcje receptoréw LXR wptywa tez wiele stosowanych obecnie lekow, ta-
kich jak statyny, fibraty i pochodne tiazolidinedionu.

receptory watrobowe X * oksysterole  cukrzyca * zapalenie * miazdzyca * choroba
Alzheimera ¢ statyny ¢ fibraty
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1. iNnTRODUCTION

hydroxycholesterol; 25-HC - 25-hydroxycholesterol; 27-HC - 27-hydroxycholesterol;

ACC - acetyl-CoA carboxylase; ABC - ATP-binding cassette transporters; AR - amyloid beta protein;
AD - Alzheimer's disease; Angptl3 - angiopoietin-like protein-3; APP - amyloid precursor protein;
CAR - constitutive androstane receptor; CETP - cholesterol ester transfer protein;

COX - cyclooxygenase; CRP - C-reactive protein; CYP - cytochrome P450; FAS - fatty acid
synthase; FF-MAS - follicular fluid meiosis-activating sterol; G6Pase - glucose 6-phosphatase;
G-CSF - granulocyte colony-stimulating factor; GLUT - glucose transporter; GM-CSF - granulocyte
and macrophage colony-stimulating factor; HDL - high-density lipoproteins; HMG-CoA - 3-hydroxy-
3-methyloglutaryl-coenzyme A; HSD - hydroxysteroid dehydrogenase; ICAM - intercellular
adhesion molecule; IL-1f3 - interleukin-1(3; IL-6 - interleukin-6; iNOS - inducible nitric oxide
synthase; IRS - insulin receptor substrate; LDL - low-density lipoproteins; LPL - lipoprotein lipase;
LPS - lipopolysaccharide; LXR - liver X receptor; LXRE - liver X receptor response element;

MCP - monocyte chemoattractant protein; M-CSF - macrophage colony-stimulating

factor; MMP - matrix metalloproteinases; MPO - myeloperoxidase; MS - multiple

sclerosis, NF-xB - nuclear factor-kB; OPN - osteopontin; PDGF - platelet-derived growth

factor; PEPCK - phosphoenolpyruvate carboxykinase; PGES - prostaglandin E synthase;

PKB - protein kinase B; PPAR - peroxisome proliferator-activated receptors; PXR - pregnane
Xreceptor; RXR - retinoid X receptors; siRNA - small interfering RNA; SAP - serum amyloid

P protein; SCD - stearoyl-CoA desaturase; SREBP - sterol response element binding protein;
StAR - steroidogenic acute regulatory protein; TLR - Toll-like receptors; TNF-o. - tumor necrosis
factor-o.; VEGF - vascular endothelial growth factor.

xycholesterol (24(S),25-EC), 24(S)-hydroxycholesterol

(24(S)-HC), 25-hydroxycholesterol (25-HC), and 27-hy-

Liver X receptors (LXRs) are nuclear transcription factors
which dimerize with the retinoid X receptor (RXR) and,
upon ligand binding, regulate the expression of target ge-
nes. Oxygenated oxysterol derivatives (oxysterols) such
as 22(R)-hydroxycholesterol (22(R)-HC), 24(S),25-epo-

droxycholesterol (27-HC), which are either intermediates
in cholesterol biosynthesis or originate by the oxidation of
cholesterol by various cytochrome P450 (CYP) isoforms,
are natural LXR ligands. Recent data suggest that these re-
ceptors may also be activated by glucose. Upon stimula-
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tion, LXRs exert many effects protecting from cholesterol
overload, including stimulation of cholesterol efflux from
the cell to plasma high-density lipoproteins (HDLs) thro-
ugh several ATP-binding cassette (ABC) transporters, its
transport to the liver, conversion to bile acids, and excretion.
The undesirable effect of LXR agonists is stimulation of
lipogenesis, which leads to hypertriglyceridemia and liver
steatosis. However, LXRs have widespread distribution in
most tissues and are involved in the regulation of multiple
physiological processes. In the first part of this review, we
described the structure and function of LXRs, their endoge-
nous and synthetic agonists, and their role in the regulation
of cholesterol and plasma lipoprotein metabolism. In this
article we address other functions of LXRs, including their
effect on carbohydrate metabolism, inflammatory reaction,
atherogenesis, adrenal and gonadal function, and their role
in the central nervous system. In addition, we characteri-
ze alterations of LXR signaling in pathological conditions,
potential therapeutic applications of LXR agonists, and the
effect of currently used therapies on LXR signaling.

2. RoLe oF LXRs IN CARBOHYDRATE IMIETABOLISM

2.1. Antidiabetic effect of LXR agonists

Several studies have demonstrated that LXR agonists re-
duce plasma glucose concentration and increase insulin
sensitivity in different animal models of diabetes and in-
sulin resistance. For example, administration of the LXR
agonist T0901317 for seven days reduced plasma gluco-
se concentration in db/db mice and Zucker diabetic fatty
rats, two rodent models of type 2 diabetes associated with
severe obesity and insulin resistance [24,104]. In contrast,
T0901317 had no effect on plasma glucose in control ani-
mals. Another LXR agonist, GW3965, markedly impro-
ved glucose tolerance in mice with dietary-induced obe-
sity [92]. Similarly, GW3965 reduced plasma glucose and
insulin concentrations as well as increased insulin sensiti-
vity in leptin-deficient diabetic ob/ob mice [62].

2.2 Effect of LXR agonists on glucose metabolism
and insulin sensitivity

The mechanism through which LXR agonists improve car-
bohydrate metabolism is probably complex, but it is main-
ly associated with the improvement of insulin sensitivity.
Indeed, T0901317 had no effect on plasma insulin, but it
reduced glucose concentration in db/db mice and Zucker
diabetic fatty rats [24], which suggests an increase in in-
sulin sensitivity. It has been demonstrated that T0901317
and GW3965 reduce the expression of key enzymes invo-
Ived in hepatic gluconeogenesis and glucose output, inc-
luding pyruvate carboxylase, phosphoenolpyruvate car-
boxykinase (PEPCK), fructose 1,6-bisphosphatase, and
glucose 6-phosphatase (G6Pase) [92, 150]. In rat hepato-
ma cells, T0901317 or adenoviral overexpression of either
the LXRa or the LXR gene decreased the expression and
activity of G6Pase [63]. In vitro, T0901317 reduced glu-
cose output from hepatic slices isolated from Zucker rats
[24]. In addition, GW3965 increased hepatic expression of
glucokinase and glucose 6-phosphate dehydrogenase (the
first enzyme of the pentose phosphate shunt) in mice with
dietary-induced obesity, thus enhancing glucose uptake
and metabolism in the liver [92].

In cultured 3T3-L1 adipocytes, LXR agonists stimula-
te basal (GLUT1-dependent), but not insulin-stimulated
(GLUT4-dependent), glucose uptake [132]. In contrast,
Dalen et al. [40] observed stimulation of GLUT4 expres-
sion and insulin-induced glucose uptake by T0901317 in
mouse 3T3-L1 adipocytes and in cultured human adipo-
cytes. LXRE was identified within the promoter regions
of mice and human Glut4 genes, and it was demonstrated
that the LXR/RXR heterodimer binds to this LXRE and
stimulates transcription [40]. In vivo, both GW3965 [92]
and T0901317 [40] increased GLUT4 expression in epidy-
dimal adipose tissue of healthy mice. In addition, a minor
but significant increase in GLUT4 expression by T0901317
was also observed in skeletal muscle [40]. Taken together,
these data suggest that LXRs may stimulate peripheral glu-
cose uptake by insulin-sensitive tissues.

Tumor necrosis factor-ot (TNF-o) is synthesized in adi-
pocytes and its production is markedly increased in obese
animals and humans. Many studies have demonstrated that
TNF-o impairs insulin signaling and thus contributes to
obesity-associated insulin resistance. It has been shown that
T0901317, GW3965, and 22(R)-HC restore insulin-induced
glucose uptake impaired by TNF-o in rat fetal brown adipo-
cytes. In contrast, LXR agonists have no effect on glucose
uptake in the absence of TNF-a [47]. TNF-o impairs key
steps of insulin signaling, including tyrosine phosphoryla-
tion of insulin receptor substrates 1 and 2 (IRS-1 and IRS-2)
as well as phosphorylation and activity of protein kinase
B/Akt. These abnormalities were corrected by T0901317.
Indeed, this LXR agonist reduced the expression and acti-
vity of protein tyrosine phosphatase-1B, an enzyme depho-
sphorylating IRS tyrosine residues, which is a TNF-o-acti-
vated negative modulator of insulin signaling [47].

2.3. Effect of LXR agonists on insulin secretion

Efanov et al. [45] demonstrated that T0O901317 stimulates
glucose-induced insulin secretion by isolated pancreatic B
cells. Although T0901317 increased insulin content in the
cell, the ratio between insulin secretion and content also in-
creased, indicating that LXRs regulate the insulin secretory
mechanism independently of changes in hormone synthe-
sis. When glucose enters pancreatic [ cells, it is metaboli-
zed through the glycolytic pathway, and the ATP which is
generated blocks ATP-sensitive K* channels, leading to cell
membrane depolarization, Ca** influx, and insulin release.
In pancreatic [ cells, T0901317 stimulates the expression of
the glucose transporter GLUT2 [197] as well as of glucoki-
nase, the first and rate-limiting enzyme of the glycolytic pa-
thway [45]. Collectively, these effects of T0901317 facilitate
glucose metabolism in insulin-producing cells and trigger
the mechanism of glucose-induced insulin output.

Although glucose has no effect on LXRo expression in is-
lets, it modulates the intracellular distribution of this re-
ceptor. Under normoglycemic conditions, LXR is loca-
lized mainly in the cytosol, but raising glucose to 8§ mM
induces translocation of LXRa to the nucleus [69]. This
effect may result from the recently described stimulation
of LXR by glucose [113].

Gerin et al. [58] and Zitzer et al. [197] observed that
LXRB~ mice, despite having less adipose tissue, are glu-
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cose intolerant due to impaired basal, glucose-induced, and
K*-induced insulin secretion. The expression of ABCA1
and ABCGI is reduced in the islets of LXRB™ mice, which
results in overaccumulation of cholesterol esters in [ cells
and ultimately causes their damage. Moreover, T0901317
stimulates the expression of the pancreatic duodenal ho-
meobox-1 (PDX-1) gene, which is critical for maintaining
the differentiated phenotype of B cells. Consequently, B
cells isolated from LXR[” mice exhibit reduced expres-
sion of PDX-1 and insulin genes [197]. These alterations
were not observed in LXRa”~ mice. Thus, intact LXRp is
mandatory for maintaining -cell structure and function,
at least in mice.

T0901317 increased the expression of SREBP-1c in pan-
creatic P cells [45]. In the short run, SREBP-Ic is essen-
tial for augmenting glucose-induced insulin secretion by
LXR agonists. Indeed, SREBP-1c-specific small interfe-
ring RNA (siRNA) attenuates the TO901317-induced incre-
ase in the expression of insulin, GLUT2 and PDX-1 genes,
and insulin secretion [197]. Glucose stimulates the proces-
sing of the SREBP-1c precursor to its mature active form,
while LXR agonist increases SREBP-1c¢ synthesis. Thus,
glucose and LXR may cooperate in increasing SREBP-1c
signaling in insulin-producing cells [197]. It is suggested
that the role of SREBP-1c in insulin secretion is associa-
ted with cataplerosis, i.e. export of mitochondrial metabo-
lic intermediates, in particular acetyl-CoA, to the cytosol,
where it is converted by ACC to malonyl-CoA and sub-
sequently by FAS to fatty acids (stimulators of insulin se-
cretion); both ACC and FAS are SREBP-1c target genes.
Indeed, blocking ACC or FAS attenuates the stimulatory
effect of T0901317 on insulin secretion [197].

2.4. Effect of LXR agonists on hormones antagonistic
for insulin

Glucocorticoids have a well-known deleterious effect on
insulin sensitivity and glucose tolerance by stimulating
hepatic gluconeogenesis. 11B-hydroxysteroid dehydro-
genase type 1 (113-HSD-1) is expressed in adipose tis-
sue and the liver and converts inactive cortisone to active
cortisol in humans and inactive 11-dehydrocorticostero-
ne to active corticosterone in mice. Increased expression
of 11B-HSD-1 in the adipose tissue of obese animals and
humans contributes to a local excess of glucocorticoids,
which impair insulin sensitivity. Stulnig et al. [149] sho-
wed that natural (22(R)-HC and 20(S)-HC) and synthetic
(T0901317) LXR agonists reduce 113-HSD-1 expression
in 3T3-L1 adipocytes. In addition, T0901317 administered
for seven days decreased 113-HSD-1 expression in the liver
and adipose tissue in vivo both in nondiabetic [149] and in
diabetic (db/db) mice [104]. In addition, the expression of
glucocorticoid receptor (GR) is increased in the liver of
db/db mice, and T0901317 reduces its level to values ob-
served in wild-type animals [101]. Thus, LXR agonists in-
hibit gluconeogenesis and increase insulin sensitivity par-
tially by ameliorating the local generation and action of
glucocorticoids in the liver and adipose tissue.

Loffler et al. [104] demonstrated that T0901317 reduces the
expression of growth hormone (GH) receptor and the syn-
thesis of its downstream mediator, insulin-like growth fac-
tor-1 (IGF-1), in the liver. Since augmented activity of the

GH/IGF-1 axis may contribute to insulin resistance, this
is an additional mechanism through which LXRs modu-
late carbohydrate metabolism.

2.5. LXR agonists and lipotoxicity

The plasma concentration of nonesterified fatty acids is in-
creased in patients with obesity and/or diabetes mellitus,
and overaccumulation of triglycerides in cells other than
adipocytes has many deleterious consequences, referred
to as lipotoxicity. For example, ectopic triglyceride stora-
ge impairs insulin sensitivity of skeletal muscles and the
liver and may induce apoptosis of pancreatic 3 cells. The
lipogenic effect of LXR agonists raises concerns about po-
ssible lipotoxicity if they are administered for a long time.
Indeed, LXR agonists increased fatty acid uptake and li-
pid accumulation in cultured skeletal muscle cells [116].
Unexpectedly, however, the insulin sensitivity of these cells
was simultaneously increased [36]. Similarly, although
in ob/ob mice GW3965 induced marked liver steatosis, a
condition expected to enhance insulin resistance, it had in
fact no effect on the suppression of hepatic glucogenoge-
nesis by insulin [62], and other studies even demonstrated
improvement of insulin-induced hepatic glucose disposal
after treatment with LXR agonists [92]. These data indi-
cate that, despite inducing lipogenesis, LXRs have no ne-
gative effect on insulin sensitivity in the liver or skeletal
muscle. Thus any potentially unfavorable effect of trigly-
ceride accumulation is probably counteracted by the direct
mechanisms through which LXRs improve insulin sensi-
tivity. However, two recent studies [32,182] indicate that
prolonged treatment with LXR agonists induces apopto-
sis of pancreatic B cells, an effect which results most li-
kely from enhanced lipogenesis, lipid overaccumulation,
and lipotoxicity.

3. Abiposk Tissue AND ENERGY BALANCE

The role of LXRs in the regulation of adipocyte differentia-
tion and triglyceride storage is controversial. For example,
Juvet et al. [82] observed that T0901317 and 22(R)-HC in-
creased the size of lipid droplets in 3T3-L1 adipocytes by
stimulating the expression of proteins involved in fatty acid
uptake from plasma lipoproteins, i.e. fatty acid translocase
(CD36) and fatty acid binding protein (FABP). Hummasti et
al. [73] demonstrated that although the expression of LXR
increases during adipogenesis, synthetic LXR agonists have
no effect on the differentiation of preadipocytes to adipo-
cytes, but stimulate triglyceride accumulation in mature fat
cells. In contrast, Seo et al. [139] observed that LXR ago-
nists stimulated adipocyte differentiation by increasing the
expression of PPARY. Recently, Darimont et al. [41] de-
monstrated that LXRs specifically stimulate de novo fatty
acid synthesis in human preadipocytes, but have no effect
on fatty acid uptake from plasma lipoproteins.

Adipose tissue mass is reduced in LXRo/LXR[} double-
knockout mice; however, this is observed only in aging
(18-month-old) but not in young animals [92]. Gerin et
al. [58] found that neither LXRa nor LXR[ was necessa-
ry for the normal differentiation of mouse preradipocytes;
however, LXRp, but not LXRa, was required for the in-
crease in adipocyte size associated with aging or dietary-
induced obesity. Despite similar food intake and oxygen
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consumption, LXRB” mice accumulate less triglycerides
in adipose tissue when placed on a high-calorie diet than
wild-type control animals [58]. Taken together, these data
suggest that LXRs, in particular LXR[, have an anabolic
effect in adipose tissue.

Interestingly, Kalaany et al. [83] demonstrated that
LXRa/LXRP double-knockout mice are resistant to the
development of obesity induced by a high-fat “Western-
type” diet, but only when this diet contains also excess
cholesterol. If the high-fat diet is not supplemented with
cholesterol, body weight increases to a similar extent in
wild-type and LXRo/LXRp-knockout animals. Food in-
take and fat absorption from the gastrointestinal tract are
similar in both groups, whereas peripheral fat metabolism
is accelerated in LXRa/LXRB-knockout mice, partially
due to the increased activity of iodothyronine deiodinase
type 2, the enzyme which generates active thyroid hormo-
ne, tritodothyronine (T,), from its inactive precursor, thy-
roxine (T,), in peripheral tissues. Although plasma T, and
T, levels are similar in wild-type and knockout animals,
increased local T, concentration stimulates energy expen-
diture in knockout mice by inducing ectopic expression of
uncoupling protein-1 (UCP-1) in skeletal muscle and whi-
te adipose tissue. UCP-1 uncouples the mitochondrial re-
spiratory chain from ATP synthesis and increases energy
dissipation. The mechanism of stimulation of type 2 de-
iodinase by high-fat high-cholesterol diet in LXR-knoc-
kout mice is unclear.

In contrast to these data, Ross et al. [132] demonstrated that
LXR agonists have no effect on fat storage, but they incre-
ase the release of nonesterified fatty acids from 3T3-L1 adi-
pocytes, which suggests that LXR ligands stimulate lipo-
lysis. Interestingly, release of glycerol was not stimulated
because LXR agonists increased the expression of glyce-
rol kinase, which phosphorylates glycerol for further me-
tabolism. /n vivo, specific overexpression of LXRa in adi-
pose tissue reduced adipogenesis, whereas administration
of T0901317 increased the plasma concentration of none-
sterified fatty acids, evidence of enhanced lipolysis in adi-
pose tissue. Taken together, these results [132] suggest a
catabolic role of LXRa in adipose tissue.

4. INFLAMMATION AND IMMUNE RESPONSE

4.1. Effect of LXR agonists on inflammatory cells

In 2003, Joseph et al. [80] first demonstrated that T0901317
and GW3965 reduced LPS-induced expression of several
proinflammatory proteins, including inducible nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), interleukin-
6 (IL-6), interleukin-1B (IL-1p), granulocyte colony-sti-
mulating factor (G-CSF), and monocyte chemoattractant
proteins 1 and 3 (MCP-1 and MCP-3) in mouse peritone-
al macrophages. LPS injection induced a greater increase
in hepatic synthesis of TNF-a., IL-1[3, and iNOS and a hi-
gher circulating IL-6 level in LXRo/LXRJ double-knocko-
ut than in wild-type mice. It was suggested that the anti-in-
flammatory effect of LXRs is important when macrophages
phagocytose apoptotic cells and cell debris. Large amo-
unts of oxysterols derived from ingested material activa-
te LXRs, thus increasing cholesterol efflux and protecting
the phagocyte from cholesterol overload. Inflammatory re-

action is concomitantly inhibited, because it is not desired
when apoptotic cells are phagocytozed. On the other hand,
when macrophages phagocytose bacteria or other patho-
gens which contain little or no cholesterol, LXRs are not
stimulated, which allows the inflammatory reaction to de-
velop; this reaction is desirable to protect against patho-
gens [80]. The mechanism through which LXR agonists
suppress the transcription of proinflammatory genes is not
clear, but may include inhibition of proinflammatory trans-
cription factors such as nuclear factor-kB (NF-kB) or ac-
tivator protein-1 (AP-1) [190,194].

Many subsequent studies demonstrated that other inflam-
mation-related genes are also targeted by LXR agonists.
Apart from COX-2, LXR agonists reduce the expression
of microsomal prostaglandin E synthase-1 (PGES-1) [118].
PGES-1 is an inducible enzyme up-regulated during in-
flammation which contributes, together with COX-2, to
enhanced eicosanoid production. In contrast, LXR ago-
nists have no effect on macrophage COX-1, microsomal
PGES-2, and cytosolic PGES, which are constitutive en-
zymes maintaining a continuous low-level PGE, synthe-
sis for housekeeping functions. Thus, LXR agonists may
target COX-2 while not affecting COX-1; such a high le-
vel of specificity cannot be achieved by pharmacological
COX inhibitors.

Myeloperoxidase (MPO) is expressed in phagocytes and ca-
talyzes the reaction between H,0, and CI" to form a potent
bactericidal and prooxidant agent, hypochlorite (HC1O").
Reynolds et al. [129] demonstrated that TO901317 redu-
ces the expression of MPO gene in human macrophages.
Human MPO gene contains a specific regulatory sequen-
ce called AIuRRE consisting of four AGGTCA half-sites
separated by 2, 4, and 2 nucleotides. The second and third
half-sites create a canonical LXRE, the first and second
half-sites bind the estrogen receptor, and the third and fo-
urth half-sites form a PPAR response element. Both LXR
and PPAR« ligands suppress MPO gene transcription by
inducing the binding of these receptors to respective parts
of AIuRRE. Interestingly, AIuRRE is specific to primate,
but not rodent MPO gene; consequently, the mouse MPO
gene is not repressed by either LXR or PPAR ligands [129].
MPO gene is the first recognized gene whose transciption
is suppressed directly by binding of the LXR/RXR dimer
to its LXRE sequence. Suppressing MPO may lead to an
antioxidant effect of LXR agonists, at least during the in-
flammatory reaction. In addition, because MPO-mediated
oxidation of HDLs impairs cholesterol efflux [141], this ef-
fect may be essential for maintaining the stimulatory influ-
ence of LXRs on reverse cholesterol transport.

Osteopontin (OPN) is an extracellular matrix protein and
a proinflammatory cytokine which stimulates monocyte
migration, adhesion and activation. Ogawa et al. [119] de-
monstrated that GW3965 and T0901317 suppress cytoki-
ne-induced OPN gene expression in various murine and
human macrophage cell lines. Mice treated with T0901317
exhibited a lower level of OPN mRNA in peritoneal ma-
crophages than vehicle-treated controls [119].

Arginase decomposes L-arginine to ornithine and urea; the
former is subsequently metabolized to polyamines. Arginase
1 is constitutively expressed only in the liver and initiates
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the urea cycle, whereas arginase II is ubiquitously expres-
sed and is up-regulated during inflammation. Arginase II
interferes with iNOS by depleting their common substra-
te, L-arginine. In addition, polyamines stimulate tissue re-
pair and contribute to the resolution of inflammation. In
primary and cultured murine macrophages, LXR agonists
increase arginase II mRNA and protein levels in a dose-
dependent manner. The regulatory region of arginase 11
gene contains a classical LXRE sequence [108]. Because
the adipose tissue-derived protein adiponectin inhibits the
inflammatory reaction, the stimulatory effect of T0901317
on adiponectin receptor expression in human monocyte-
derived macrophages [30] may also contribute to the anti-
inflammatory activity of LXR agonists.

However, macrophages are not the sole target for the anti-
inflammatory effect of LXRs. For example, GW3965 dose-
dependently attenuated LPS-induced release of TNF-o
and PGE, by hepatic Kupffer cells [177]. Walcher et al.
[174] showed that TO901317 reduced the secretion of in-
terferon-y (IFN-y), TNF-a., and IL-2 by Th1 lymphocytes,
while having no effect on IL-10 production by Th2 cells.
Lee et al. [94] recently demonstrated that 22(R)-HC and
synthetic LXR or RXR agonists suppress iNOS expression
and NO release from LPS-stimulated rat brain astrocytes.
Similarly, LXR agonists reduced LPS-stimulated produc-
tion of NO, IL-1p, IL-6, and MCP-1 by mousee astrocy-
tes and microglial cells [196]. Finally, T0901317 inhibits
the production of various cytokines, including GM-CSF,
G-CSF, MCP-1, IL-6, and RANTES as well as reduces
COX-2 expression in human airway smooth muscle cells
[44]. In addition, LXR agonists suppress PDGF-induced
migration and proliferation of these cells.

C-reactive protein (CRP) is a prototypical acute-phase pro-
tein synthesized by hepatocytes in response to proinflam-
matory signals, in particular IL-1p and IL-6. Increased
plasma CRP promotes atherogenesis and is an indepen-
dent predictor of acute cardiovascular events. T0901317
and GW3965 reduce cytokine-induced CRP production
by human hepatocytes [15]. IL-1p and IL-6 activate CRP
gene transcription by inducing the dissociation of the nuc-
lear co-repressor from its promoter. LXR prevents this ef-
fect, thus maintaining the CRP gene in a repressed state.
In vivo, T0901317 administered for three days attenuated
an LPS-induced increase in hepatic synthesis and plasma
concentration of CRP and serum amyloid P (SAP) prote-
in [15]. The mechanisms of the anti-inflammatory effect
of LXR agonists are listed in Table 1.

4.2. Cross-talk between LXR and TLR signaling

The innate immune system recognizes conserved motifs
found in microbes through the so-called pattern-recogni-
tion receptors that include the Toll-like receptor (TLR)
family of proteins. For example, bacterial lipids activate
TLR2, double-stranded RNA stimulates TLR3, LPS acti-
vates TLR4, and TLRY recognizes DNA. Castrillo et al.
[26] first demonstrated that the activation of macrophage
TLR3 or TLR4 during bacterial (E. coli) or viral (influenza
A virus) infection compromises the LXR-induced expres-
sion of ABCA1, ABCG1, and apolipoprotein E and impa-
irs cholesterol efflux. In contrast to TLR3 and TLR4, li-
gands of TLR2 or TLRY as well as the proinflammatory

Table 1. Anti-inflammatory effects of LXR agonists

Suppression of proinflammatory genes

TNF-ou
) IL-1B
(ytokines IL-6
G-CSF
. MCP-1
Chemokines MCP-3
Adhesion molecules ICAM-1
(0X-2
Enzymes synthesizing PGES-1
inflammatory mediators iNOS
MPO
Matrix metalloproteinasesand ~ MMP-9
extracellular matrix proteins OPN
. (RP
Acute-phase proteins SAP

Stimulation of anti-inflammatory genes

Arginase Il
Adiponectin receptors

cytokines TNF-o and IL-10 had no effect on LXR signa-
ling in murine peritoneal macrophages [26]. On the other
hand, LXR agonists attenuate TLR2- or TLR4-induced
NF-kB activation, suggesting that significant cross-talk
exists between LXR and TLR signaling. One of the possi-
ble mechanisms of this cross-talk is competition between
LXR and the TLR3-induced transcription factor interfe-
ron regulatory factor-3 (IRF-3) for the limited pool of the
common co-activator p300/CBP [26]. Given the antiathe-
rogenic role of LXR (see below), the inhibition of LXR
signaling by bacterial infection may contribute to the pro-
atherogenic effect of some pathogens such as Chlamydia
pneumoniae or Helicobacter pylori.

4.3. Effect of LXR agonists on the inflammatory
reaction in vivo

The anti-inflammatory effect of LXR agonists was also de-
monstrated in several in vivo models. T0901317, GW3965,
25-HC, and 22(R)-HC applied topically on the mouse ear
attenuated inflammatory reaction in experimental irritant
contact dermatitis induced by phorbol esters [51,80]. The
effect of LXR agonists was evidenced by a lower increase
in ear thickness and weight as well as less inflammatory
infiltrate in the epidermis. LXR agonists failed to attenu-
ate the inflammatory reaction in LXRo/LXR double-
knockout mice. Interestingly, the efficacy of LXR agoni-
sts in irritant dermatitis is comparable to that of locally
administered glucocorticoids. In a related model of aller-
gic contact dermatitis induced by oxazoline, LXR agoni-
sts were slightly less effective, but also exerted significant
protection [51].

Experimental autoimmune encephalitis (EAE) is a CD4* T
cell-mediated immune response to central nervous system
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autoantigens and is an animal model of multiple sclerosis.
Hindinger et al. [70] demonstrated that T0901317 administe-
red for two days before immunization reduced the clinical
severity of EAE in mice, which was accompanied by less
T-cell infiltrate in the brain and a lower degree of demy-
elinization. Moreover, the expressions of IFN-y, MMP-9,
intercellular adhesion molecule-1 (ICAM-1), and TNF-o
were lower in mice treated with LXR agonist than in con-
trol animals. Interestingly, the expression of class Il MHC
antigens was induced in microglial cells in the EAE mo-
del, which makes these cells capable of presenting anti-
gen to lymphocytes. T0901317 reduced the expression of
class I MHC antigens by gilal cells and consequently we-
akened the immune response [70].

In the rat, GW3965 administered 30 min before LPS in-
jection attenuated the increase in plasma levels of alanine
aminotransferase and bilirubin (markers of liver injury/dys-
function) and reduced hepatocyte necrosis. This effect was
associated with reduced infiltration of mast cells in the liver
and reduced gene expression of the chemokines eotaxin 1
and 2. Plasma levels of TNF-a and PGE, were also redu-
ced by GW3965 [177]. These data indicate that LXRs pro-
tect against inflammatory liver damage. Finally, T0901317
reduced clinical severity, inflammatory reaction, cartilage
damage, and bone destruction in an experimental model
of rheumatoid arthritis induced in mice by administration
of chicken collagen [31].

4.4. LXRs and immunity

LXRs are also involved in the regulation of nonspecific and
specific immune responses. LXRa”~ and LXRo/LXR[ do-
uble-knockout, but not LXRB~ mice, are more susceptible
to the intracellular pathogen Listeria monocytogenes, sug-
gesting that LXRa plays an important protective role aga-
inst this infection [79]. Indeed, animals lacking LXRa de-
velop more severe infection, as demonstrated by a greater
amount of bacteria in macrophages, more neutrophil ab-
scesses in the liver, and higher mortality. The susceptibi-
lity to Listeria is reduced by transplantation of bone mar-
row from wild-type animals, suggesting that macrophage
LXRa is crucial for the host response to infection. It was
demonstrated that GW3965 increases the expression of
the antiapoptotic gene Api6 in wild-type mice [79]. Api6
is also up-regulated in wild-type, but not in LXR-null,
macrophages infected with Listeria. The expression of
LXRa, but not LXRp, is strongly stimulated in macropha-
ges infected with intracellular pathogens such as Listeria
and Shigella flexneri, but it is only weakly stimulated by
extracellular pathogens such as E. coli or Staphylococcus
aureus [79]. These data suggest that LXR« is involved in
the increase in Api6 expression during infection. Lack of
LXRao interferes with the infection-induced up-regulation
of Api6, which results in premature macrophage apopto-
sis. Consequently, phagocytosed pathogens evade killing
and may infect other cells. Subsequently, it was shown
that T0901317, GW3965, and 24(S),25-EC reduce the rate
of apoptosis of bone marrow-derived macrophages in re-
sponse to various stimuli, including translation inhibitor,
cycloheximide, deficiency of macrophage colony-stimu-
lating factor (M-CSF), serum deprivation, and infection
with different pathogens such as Bacillus antracis, E. coli
and Salmonella typhimurium [168]. Apib6 is also up-regu-

lated in cholesterol-loaded macrophages [5], presumably
due to accumulation of cholesterol-derived LXR-activa-
ting oxysterols. Taken together, these data indicate that ma-
crophage LXRa is up-regulated during infection, enhan-
ces the expression of Api6, and thus protects these cells
from apoptosis. It should be noted that LXR agonists are
characterized by a unique profile of activity among other
anti-inflammatory agents in that they inhibit inflammatory
and autoimmune reactions, but simultaneously stimulate a
nonspecific immune response, at least toward intracellu-
lar pathogens. In contrast, other anti-inflammatory medi-
cations, such as glucocorticoids and cytokine antagonists,
in general impair all types of immunity.

5. ErrecT oF LXR AcoNisTs oN ATHEROGENESIS

5.1. In vivo studies

Several studies have shown that LXR agonists reduce athe-
rosclerotic lesions in animal models. LDL-receptor-knocko-
ut mice and apolipoprotein E-knockout mice are commonly
used models of atherosclerosis. LDL-R~- mice develop hy-
percholesterolemia and atherosclerosis only if fed a high-cho-
lesterol diet, whereas apoE~~ mice are hypercholesterolemic
and develop vascular lesions even on a chow diet. Joseph et
al. [81] demonstrated that GW3965 reduces the size of aor-
tic atherosclerotic lesions in apoE”~ and in male LDL-R™~
mice by about 50% and in female LDL-R-null animals by
35%. Interestingly, GW3965 had differential effects on pla-
sma lipids in both models, i.e. it slightly reduced total chole-
sterol and had no effect on triglycerides or HDLs in LDL-R~
- mice, but had no effect on total or HDL-cholesterol and
increased triglycerides in apoE”~ mice. These data suggest
that GW3965 protects against atherosclerosis independen-
tly of changes in plasma lipids, presumably through its di-
rect effect on the vascular wall. Similarly, T0901317 admi-
nistered to LDL-R~~ mice for eight weeks dose-dependently
reduced atherosclerotic lesions by up to 70% [159]. In that
study, no changes in total plasma cholesterol were observed,
but T0901317 transiently increased plasma triglycerides and
to some extent corrected the fall in HDLs induced by an
atherogenic diet. Importantly, T0901317 given to LDL-R™~
mice with developed atherosclerosis induced the regression
of established aortic plaques by up to 70%. These data in-
dicate that LXR agonists may be effective not only during
lesion development, but also in established atherosclerosis.
Interestingly, treatment with T0901317 beneficially affected
the structure of aortic plaques, i.e. reduced macrophage and
increased collagen content, thus increasing plaque stability
and reducing the risk of rupture [98].

Specific overexpression of LXRa in the liver improves
the plasma lipid profile and reduces atherosclerotic le-
sions by about 60% in LDL receptor-knockout mice fed
a high-fat high-cholesterol diet [95]. In addition, Schuster
et al. [137] demonstrated that cholesterol-loaded macro-
phages accumulate in the arterial wall, liver, and spleen of
older (>1-year-old) LXRo/LXRf double-knockout mice.
Although these animals do not develop gross atheroscle-
rosis, these data suggest that a lack of LXRs may enable
the formation of foam cells.

Transplantation of bone marrow from LXRo/LXRp do-
uble-knockout mice to LDL-R™ or apo-E”~ mice aggra-
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vates atherosclerosis in these animals despite reducing the
plasma cholesterol level. Transplanted animals lack LXRs
in macrophages, but have intact LXR signaling in other
tissues. These data confirm that LXRs inhibit atheroge-
nesis mainly through their effect on macrophage choleste-
rol efflux and/or the intravascular inflammatory reaction
rather than by modulating the lipid profile [157]. In addi-
tion, transplantation of LXR-null bone marrow to LDL-R™~
mice abolished the antiatherosclerotic effect of T0901317
otherwise observed in these animals [98]. These studies
indicate that macrophage LXRs are essential for the an-
tiatherosclerotic effect of LXR agonists.

5.2. Mechanisms through which LXR agonists
suppress atherogenesis

Apart from stimulating reverse cholesterol transport from
macrophages/foam cells contained in the vascular wall and
inhibiting th einflammatory reaction, LXR agonists may
inhibit atherogenesis through several other mechanisms.
For example, T0901317 and GW3965 suppressed platelet-
derived growth factor- or insulin-induced proliferation of
vascular smooth muscle cells by inhibiting cell cycle pro-
gression from G, to S phase [14]. LXR agonists reduced
the expression of cyclin D1 and cyclin A, which stimula-
te cyclin-dependent kinases. These kinases normally pho-
sphorylate retinoblastoma protein (Rb), which dedicates
the cell to the S phase. LXR agonists reduced the extent of
Rb phosphorylation in human aortic smooth muscle cells
[14]. The proliferation of smooth muscle cells plays an im-
portant role in the growth of atherosclerotic plaque and is
particularly involved in the development of vascular reste-
nosis after angioplasty. Indeed, T0901317 reduced the va-
scular neointima formation induced by balloon angiopla-
sty in the rat common carotid artery [14].

Increased plasma fibrinogen level is an independent risk
factor of acute cardiovascular events. Xia et al. [188] sho-
wed that oxysterols reduce basal and IL-6-induced fibrino-
gen synthesis and secretion by HepG2 cells, while having
no effect on the secretion of atl-antitrypsin, another acute-
phase protein. However, this effect was not reproduced by
T0901317, suggesting that it may be LXR independent.

Tissue factor (TF) is a cell surface glycoprotein which is
a major initiator of coagulation. TF is abundant in a li-
pid-rich core of atherosclerotic plaque, and plaque ruptu-
re induces coagulation by exposing TF to circulating blo-
od. T0901317 and GW3965 attenuated LPS-, TNF-o-, or
IL-1B-induced TF expression in murine and human macro-
phages. In vivo, LXR agonists abolished the LPS-induced
increase in TF expression in kidney and lung. Moreover,
T0901317 reduced the amount of TF mRNA in atherosc-
lerotic lesions of LDL-R™ mice [158].

Matrix metalloproteinases (MMPs) are expressed in athero-
sclerotic lesions. These enzymes, by degrading extracellular
matrix, promote the migration of smooth muscle cells and
thus facilitate the growth of atherosclerotic plaque. In addi-
tion, MMPs, by degrading the fibrous cap of atherosclero-
tic plaque, contribute to plaque rupture. GW3965 reduced
the basal and cytokine-induced synthesis and secretion of
MMP-9 while having no effect on MMP-12 and MMP-13
in murine bone marrow-derived macrophages [25]. In ad-

dition, basal and TNF-a-induced MMP-9 expression was
greater in macrophages isolated from LXRo/LXRp do-
uble-knockout mice than in wild-type animals.

Recently, Chang et al. [27] demonstrated that LXR ago-
nists attenuate the stimulatory effect of homocysteine
(Hey) on immunoglobulin production by B lymphocytes.
Homocysteine enhances the B-cell response to antigen by
increasing the intracellular production of reactive oxygen
species (ROS), which subsequently activate nuclear fac-
tor-kB. LXR agonists attenuate the effect of Hcy on ROS
and NF-kB activity [27]. Although this study relates to a
specific function of immune cells, its results are of great
interest, taking into account an important role of immu-
ne response in atherogenesis as well as an involvement of
ROS and Hcy in cardiovascular pathology.

However, LXR agonists also have some effects which may
be potentially proatherogenic. First, LXR agonists stimulate
lipoprotein lipase (LPL) [195]. Although LPL metabolizes
proatherogenic lipoproteins, its expression in macrophages
may promote atherogenesis. In particular, LPL contained
in the vascular wall is a bridging factor that links lipopro-
tein particles to the extracellular matrix of the subendo-
thelial space and thus increases their residence time in the
arterial wall, enabling their conversion into more atheroge-
nic forms. Indeed, macrophage-specific overexpression of
LPL aggravates atherogenesis [123]. Second, Davies et al.
[42] demonstrated that LXR agonists stimulate lipogenesis
in vascular smooth muscle cells by increasing SREBP-1c
and FAS expression. Under prolonged LXR stimulation,
vascular smooth muscle cells acquire the “adipocyte-like”
phenotype and accumulate triglycerides and cholesterol
esters originating from endogenous synthesis rather than
from plasma lipoproteins [42]. LXR-activating oxysterols
as well as 9cRA also stimulate the secretion of soluble pho-
spholipase A, (sPLA,) by rat aortic smooth muscle cells
[4]. sPLA, is considered a proatherogenic factor since it
generates proinflammatory mediators by hydrolyzing pho-
spholipids contained in plasma lipoproteins.

Arai et al. [S5] demonstrated that oxysterols contained in
oxidized LDLs increase the expression of Api6 (also refer-
red to as Spat or AIM from apoptosis inhibiting mediator)
in cultured murine macrophages. In vivo, a high-choleste-
rol diet increases Api6 expression in the liver and athe-
rosclerotic plaques of apoE”~ mice. However, this effect
is not observed in mice tranplanted with LXR-null bone
marrow. Stimulation of Api6 supports survival of macro-
phages. Knockout of the Api6 gene in LDL-R-null mice
increases the rate of apoptosis in atherosclerotic lesions
and reduces lesion area [5]. Api6 is proatherogenic becau-
se the inhibition of apoptosis may accelerate the growth
of early atherosclerotic plaque. However, the net effect of
LXRs on macrophage apoptosis within the plaque is unc-
lear, since Landis et al. [93] demonstrated that LXR ago-
nists stimulate the synthesis and secretion of TNF-q, a
major apoptosis-inducing cytokine, in human bone mar-
row-derived macrophages. Despite these uncertainties, the
results of the previously mentioned in vivo studies clear-
ly suggest that the net effect of LXRs is antiatherogenic.
Moreover, inhibiting macrophage apoptosis in the deve-
loped lesion may be beneficial because it reduces the risk
of plaque rupture.
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Abundant expression of LXRo and LXRf} was observed in
macrophages within human aortic atherosclerotic lesions,
but not in the intact aortic wall [179]. Indeed, the expression
of LXRo markedly increases during the differentiation of
monocytes to macrophages. Thus, up-regulation of LXRs
within atherosclerotic lesions may be an adaptive response
aimed to limit cholesterol accumulation in foam cells and
the inflammatory reaction in the vascular wall.

6. OTHER RoLEs oF LXRs

6.1. Angiogenesis

Kaplan et al. [85] showed that natural and synthetic LXR
agonists stimulate the expression of angiopoietin-like pro-
tein 3 (Angptl3). In addition, T0901317 or a high-choleste-
rol diet increased Angptl3 mRNA in the liver and plasma
Angptl3 level in mice. Angptl3 may mediate, at least in
part, the effect of LXR ligands on lipogenesis and plasma
lipid profile (see part I of this review). Indeed, Angptl3-de-
ficient KK/San mice are characterized by low plasma tri-
glycerides and cholesterol levels despite being obese and
diabetic, whereas overexpression of Angptl3 gene or in-
jection of Angptl3 protein increased plasma triglycerides
[87]. Angptl3 increases plasma VLDLs mainly by inhibi-
ting LPL activity [143], and the hypertriglyceridemic effect
of LXR agonists is markedly reduced in Angptl3-knocko-
ut mice [75]. In addition to Angptl3, LXR agonists stimu-
late the expression of vascular endothelial growth factor
(VEGF) in macrophages and adipose tissue [175].

6.2. LXRs and the Kidney

LXRa is widely expressed along the nephron, at least in
the rabbit [187]. LXR agonists increase ABCA1 expres-
sion and cholesterol efflux from rabbit glomerular mesan-
gial cells [187]. Because overaccumulation of lipids in glo-
meruli is observed in many nephropathies, LXR agonists
might have a nephroprotective effect, although this issue
has not been directly addressed so far.

However, the most significant role of LXRs in the kidney
seems to be their involvement in renin secretion. LXRo
and LXRp are abundantly expressed in renin-producing
juxtaglomerular cells. As mentioned previously (see part
I), cAMP increases renin gene expression by stimulating
LXRo-CNRE binding [155,156]. More importantly, Morello
et al. recently demonstrated that T0901317 and GW3965
increase renin mRNA in the kidney and plasma renin ac-
tivity [114]. Although these agonists do not regulate LXR
binding to CNRE [155], they may stimulate renin synthe-
sis by up-regulating LXRa expression in the juxtaglome-
rular apparatus through an autoregulatory mechanism. In
addition, the cAMP-dependent increase in renin synthe-
sis induced by B-adrenergic stimulation is totally abolished
in LXRo"~ and LXRo/LXRp double-knockout, but not in
LXRB~ mice [114], indicating that LXRa plays a pivo-
tal role in the regulation of renin gene expression by the
B-adrenergic system. In accordance with this, chronic ad-
ministration of B-adrenergic agonists, a low-sodium diet, or
clipping the renal artery, factors which stimulate the -ad-
renergic system in the kidney, lead to the increased bin-
ding of LXR to the renin gene promoter in vivo [114]. It
has been demonstrated that in the absence of cAMP, a si-

gnificant binding of LXRf to renin CNRE occurs. In con-
trast, when the cAMP level is high, LXR} dissociates from
CNRE, whereas LXRa binds to it, leading to a more po-
tent stimulation of renin synthesis. These data suggest that
baseline and cAMP-induced renin synthesis are regula-
ted by LXRP and LXRa, respectively. Indeed, basal renin
mRNA level in the kidney and plasma renin activity are
lower in LXRB™ and in LXRo/ double-knockout mice
than in wild-type or LXRa™ mice [114].

In contrast to mice [114], GW3965 administered for 7—15
days had no effect on plasma renin activity in the rat [96].
In addition, this LXR agonist had no effect on blood pres-
sure. However, GW3965 blunted the pressor response to
acutely infused angiotensin II, and this effect was associa-
ted with lower expression of angiotensin II AT and AT,
receptors in the mesenteric artery [96].

6.3. Central nervous system

Both LXRa and LXR[ are expressed in the brain, altho-
ugh LXRp is more abundant [183]. Several studies have de-
monstrated that LXR agonists increase the expression of its
typical target genes, ABCA1, ABCG1, and apoE, in brain
astrocytes, which suggests that LXRs may be essential for
maintaining the brain cholesterol balance [54,99,183].

Abnormalities in cholesterol metabolism have been obse-
rved in patients with Alzheimer’s disease (AD). In parti-
cular, hypercholesterolemia facilitates the processing of
amyloid precursor protein (APP) by B- and y-secretases
to amyloid B (A), the major component of amyloid pla-
ques in patients with AD. Therefore, several groups ad-
dressed the effect of LXR agonists on AP} formation and
secretion, but the results of these studies are somewhat
controversial. In Chinese hamster ovary (CHO) cells sta-
bly transfected with human APP as well as in H4 human
neuroglioma cells, 22(R)-HC, and 9cRA reduced AP secre-
tion [88]. TO901317 had a similar, but more potent, effect
[89]. Similarly, 24(S)-HC and 27-HC reduced AP secre-
tion from rat embryonic cortical neurons transfected with
human APP [20]. T0901317 dose-dependently reduced AP
secretion from mouse neuroblastoma Neuro2A cells expres-
sing human APP [152]. In contrast, Fukumoto et al. [56]
demonstrated that 22(R)-HC, T0901317, and 9cRA stimu-
late AP42 secretion by Neuro2A cells. These variable re-
sults may be associated with using different cell types and
culture conditions; in particular, the presence of extracellu-
lar cholesterol acceptors such as apoA-I in the culture me-
dium may be important, since the effect of LXR agonists
on A formation may be partially related to the stimula-
tion of cholesterol efflux [89]. It has been observed that at
low, nanomolar concentrations, T0901317 stimulates cho-
lesterol efflux, but has no effect on AP formation [38]. At
higher, micromolar concentrations, this LXR agonist incre-
ases the secretion of AB42, but has no effect on the other
form, AB40. Interestingly, in a cell-free system, T0O901317
inhibited AP production from APP by directly inhibiting
v-secretase [38]. Thus T0901317 may have some LXR-in-
dependent effects on amyloidogenesis.

Nevertheless, the majority of in vitro studies quoted above
demonstrate the antiamyloidogenic effect of LXR agoni-
sts. Consistent with this conclusion, T0901317 administe-
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red for six days reduced the amount of AP while increasing
the amount of concurrent, o-secretase-derived, soluble,
nonamyloidogenic Ao in mice expressing human APP
[21,89]. Recently, Riddel et al. [130] demonstrated that
T0901317 reduced APB,, content selectively in the hippo-
campus, but not in other brain regions, and improved me-
mory in a transgenic mouse model of Alzheimer’s dise-
ase. Taken together, these data suggest that LXR agonists
could provide a novel therapeutic option for patients with
Alzheimer’s disease.

Wang et al. [176] observed that severe neurodegeneration de-
veloped in the brain of aging (>one-year-old) LXRo/LXRf3
double-knockout mice. In particular, the size of the late-
ral ventricles was markedly reduced in these animals due
to periventricular accumulation of astrocytes and lipid de-
position in choroid plexus epithelial cells. In addition, a
significant loss of neurons was observed together with in-
creased size and number of blood vessels, accumulation of
lipofuscin in pericytes, microhemorrhages, and perivascu-
lar fibrosis. Subsequently, Anderson et al. [2] observed im-
paired motor coordination, loss of spinal cord motor neu-
rons, and other features of amyotrophic lateral sclerosis
(ALS) in seven-month-old male LXRB~ mice. The fact
that neurodegeneration develops earlier in the life-course
of LXR-deficient mice in the spinal cord than in the brain
probably results from the higher rate of cholesterol syn-
thesis in the spinal cord and the greater requirement for
LXR-regulated cholesterol efflux. In addition, CYP46 (cho-
lesterol 24-hydroxylase) expression is lower in the spinal
cord, suggesting that other pathways of cholesterol remo-
val, such as the classical LXR-stimulated ABCA1-depen-
dent pathway, are more important here. These data indica-
te that LXRs are obligatory to maintain normal structure
and function of the central nervous system.

6.4. LXRs and the reproductive system

Frenoux et al. [52] first noticed that male LXRB~~ mice ol-
der than five-six months became less fertile than their wild-
type controls. This was associated with significant structu-
ral abnormalities of the epidydimis, including disruption
of the epithelium, widening of the epidydimal canalicu-
li, which became filled with an amorphous lipid-rich sub-
stance, and lipid loading of epithelial and interstitial cells.
In addition, fewer spermatozoa were found in the epidy-
dimis of LXRB™" mice, and these spermatozoa exhibited
structural and functional abnormalities. During transit thro-
ugh the normal epidydimis, spermatozoa lose most of the
cholesterol from their plasma membranes, which renders
them capable of fusing with an oocyte. These data suggest
that the LXR-driven cholesterol efflux from spermatozoa
and/or epidydimal epithelium is crucial for male fertility.
These observations are consistent with reduced fertility of
male ABCA1-null mice [138].

Subsequently it was demonstrated that large amounts of
cholesterol esters accumulated in Sertoli cells of LXRB~
mice older than five months, which was accompanied by
the degeneration of seminiferous epithelium. Similar abnor-
malities are observed in ABCA1-null and RXRB-null mice
as well as in some azoospermic males [109]. LXRo mice
exhibit small lipid droplets in Sertoli cells, but spermato-
genesis and fertility are not impaired. However, the repro-

ductive phenotype is more severe in LXRo/LXR[3 double-
knockout than in LXR[ single-knockout mice [131].

Interestingly, Frenous et al. [52] noted that the serum level
of androgens was reduced in LXRo/LXR[ double-knoc-
kout mice. However, supplementation of androgens failed
to improve epidydimal histology and sperm quality, indi-
cating that hypoandrogenism is not the sole factor respon-
sible for compromised fertility. Although androgen-produ-
cing Leydig cells are histologically normal in LXRo/LXRf3
double-knockout animals, testosterone production is redu-
ced. Older double-knockout males exhibit hypergonado-
tropic hypogonadism, as evidenced by reduced serum te-
stosterone and increased FSH and LH concentrations. The
mechanism through which lack of LXRs impairs Leydig cell
function is unclear. LXRs may regulate Leydig cell chole-
sterol balance and steroidogenesis directly. Otherwise, in-
creased the corticosterone concentration observed in mice
lacking LXRs might disrupt testosterone production [131].
Recently, Volle et al. [171] confirmed that hypoandroge-
nism exists in LXRo"/LXRB~~ double-knockout and in
LXRo " single-knockout, but not in LXRB~~ single-knoc-
kout mice, consistent with the expression of LXRa, but not
LXRB, in Leydig cells. However, in this study [171] hy-
poandrogenism was hypogonadotropic in nature, since the
plasma level of LH as well as the expression of its 3 subu-
nit in the pituitary were low. In addition, human chorionic
gonadotropin (hCG) stimulated testosterone production by
Leydig cells normally in mice lacking LXR[, suggesting
that the sensitivity of these cells to gonadotropin stimula-
tion was intact. T0901317 administration increased testoste-
rone content in the testes of wild-type mice, which was ac-
companied by increased expression of steroidogenic acute
regulatory protein (StAR), which transports cholesterol to
the inner mitochondrial membrane, and 33-hydroxysteroid
dehydrogenase-1 (33-HSD-1), which converts pregnenolo-
ne to progesterone; both StAR and 33-HSD-1 are key pro-
teins in the early steps of steroidogenesis [171].

Apart from cholesterol efflux from Sertoli cells and/or ma-
turing spermatozoa and androgen production, LXRs may
regulate the balance between the proliferation and apop-
tosis of germ cells. In particular, the proliferation of germ
cells is reduced in LXRB~~ mice with a secondary reduc-
tion of apoptosis. In contrast, apoptosis is accelerated in
LXRo"~ animals, but this is balanced by augmented pro-
liferation [171]. Due to these adaptive changes, the ratio
between proliferation and apoptosis is relatively intact in
both single knockouts. In contrast, in double-knockout mice,
proliferation is compromised and apoptosis is augmented
due to the lack of LXR and LXRa, respectively, and the-
se changes cannot be compensated, thus leading to seve-
re impairment of spermatogenesis. This may explain why
the reproductive phenotype is much more severe in double-
knockout than in single-knockout males [171].

However, female LXR single- or double-knockout mice are
also less fertile than their wild-type controls [148]. Among
them, LXR[”~ mice have the most severe phenotype, as evi-
denced by less frequent conception and lower number of
pups per litter. In contrast to male animals, female LXR ™~
mice exhibit no hormonal abnormalities, and the number of
follicles in their ovaries is normal. However, LXRs seem to
be essential for oocyte maturation. GW3965 stimulates the
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resumption of meiosis of isolated oocytes, and the effect
of FSH on oocyte maturation is impaired in LXRa/LXR[3
double-knockout mice, although the expression of FSH re-
ceptors in their ovaries is normal [148]. In addition, FSH
stimulates LXRa and LXRf expression in the ovary. It is
suggested that FSH acts on follicle cumulus cells and en-
hances the secretion of FF-MAS, which in turn stimulates
oocyte meiosis by activating LXRs. According to this hypo-
thesis, LXR-null oocytes are resistant to FF-MAS and thus
cannot maturate. However, exogenous FF-MAS did stimu-
late meiosis of LXR-null oocytes (although less efficien-
tly than of wild-type oocytes), suggesting that the effect of
FF-MAS is not mediated exclusively by LXRs.

It should be noted that the lack of LXRs impairs fertility
of aging, but not of young mice of both sexes. This closely
resembles the frequently observed premature loss of fertili-
ty in humans and raises the important question if abnormal
LXR signaling contributes to human infertility.

However, some data suggest that the role of LXRs in repro-
duction is not exclusively beneficial. In particular, 7-keto-
cholesterol and T0901317 inhibit the invasiveness of cultu-
red cytotrophoblast cells in vitro [122]. In addition, LXRs
mediate the inhibitory effect of oxidized LDLs on tro-
phoblast invasiveness. If this effect is reproduced in vivo,
LXR agonists might interfere with conceptus implanta-
tion. Moreover, inefficient trophoblast invasion may lead to
subsequent impairment of placental perfusion, which is a
main pathogenic factor in preeclampsia. Furthermore, LXR
agonists reduce the synthesis and secretion of human cho-
rionic gonadotropin (hCG) from trophoblast cells, which
is mandatory for maintaining pregnancy in the first tri-
mester [180]. The possible effect of LXR agonists on the
effectiveness of implantation and the risk of abortion re-
mains to be addressed in future studies; however, the pre-
viously discussed observations made in LXR-knockout
mice strongly suggest that the net effect of LXRs on fer-
tility is positive.

LXRB~ and LXRa/LXRB™, but not LXRo"~, mice ac-
cumulate cholesterol esters in uterine myometrial cells
and exhibit reduced uterine contractility in response to
oxytocin or luprostiol, a PGF, analogue. TO901317 sti-
mulates ABCA1 and ABCG1 expression in the myome-
trium and increases cholesterol efflux from myometrial
cells. Overaccumulation of cholesterol esters in the my-
ometrium in mice lacking LXR[ results in impaired ute-
rine contractility by disrupting the signaling from oxytocin
and PGF, receptors, whereas the number of these recep-
tors is not altered [115].

6.5. LXRs and adrenals

Both LXRo and LXRp are expressed in the adrenal cor-
tex. Moreover, 22(R)-HC, an intermediate in the conver-
sion of cholesterol to pregnenolone, is present in adrenals
at a relatively high concentration. LXRo"~ single-knocko-
ut and LXRo"/LXRB™ double-knockout mice are charac-
terized by adrenomegaly due to the overaccumulation of
cholesterol esters in the adrenal cortex. In addition, the pla-
sma corticosterone concentration is twofold higher in ani-
mals lacking LXRa, whereas aldosterone and ACTH le-
vels are normal. In vitro, adrenocortical cells isolated from

LXRo:~ mice secrete more corticosterone [37]. The adre-
nal cortex of LXR-null animals expresses less ABCA1 and
ABCGH, but it contains increased amounts of three prote-
ins essential for steroidogenesis: 1) CYP11A1 (cholesterol
side-chain cleavage enzyme), which converts cholesterol
to pregnenolone, 2) 33-HSD1, which converts pregneno-
lone to progesterone, and 3) steroidogenic acute regula-
tory protein (StAR), responsible for cholesterol transport
from the outer to the inner mitochondrial membrane, where
CYPI11A1 is localized. These data suggest that cholesterol
efflux from adrenocortical cells is impaired in LXR-null
mice, and this cholesterol is shifted toward the steroido-
genic pathway; this results in the overproduction of corti-
costerone, the major glucocorticoid in rodents.

In wild-type mice, T0901317 increases the expressions
of ABCAI, ABCGI, StAR, CYPI1Al, and 3B-HSDI1 in
the adrenals. These data suggest that steroidogenic prote-
ins are repressed under baseline conditions by unliganded
LXRs and are up-regulated by both LXR-knockout and
LXR agonists. Consequently, T0O901317 increases plasma
corticosterone in wild-type mice. Thus, LXRs protect ad-
renals from cholesterol overload by stimulating both cho-
lesterol efflux and steroidogenesis [37].

In contrast to this study [37], Nilsson et al. [117] recently
demonstrated that GW3965 reduces StAR and CYP11A1
expression in human adrenocortical and ovarian cells and
decreases the production of pregnenolone, dehydroepian-
drosterone, and androstenedione, suggesting a suppressive
effect of LXRs on steroidogenesis. Moreover, these authors
observed that GW3965 and T0901317 increase ACTH pro-
duction by cultured anterior pituitary cells in vitro and incre-
ase plasma ACTH in wild-type mice in vivo, although base-
line plasma ACTH is higher in LXRo/LXRB~ mice than
in wild-type controls. These findings suggest that the incre-
ase in plasma corticosterone in both LXRo"/LXRp " and
T0901317-treated wild-type mice reported earlier [37] may
be accounted for by changes in ACTH level rather than by
the direct effect on adrenals. Moreover, Nilsson et al. [117]
showed that T0901317 stimulates ACTH production by sup-
pressing 113-HSD1 in the pituitary. This enzyme converts
inactive cortisone to active cortisol in pituitary cells, which
is necessary for the feedback inhibition of ACTH secretion.
It is suggested that adrenal and pituitary LXRs play opposi-
te roles in the regulation of adrenal steroidogenesis. Within
the adrenals, when steroidogenesis is activated, 22(R)-HC
is generated in greater amounts and stimulates LXRs, thus
inhibiting steroidogenesis in a classical negative feedback
manner. In contrast, activation of pituitary LXRs up-regu-
lates ACTH, which then stimulates adrenal steroidogenesis
through a cAMP-dependent mechanism. /n vivo, the latter
mechanism predominates since cAMP-dependent stimula-
tion overrides the LXR-dependent inhibition of steroidoge-
nesis in the adrenocortical cells [117].

6.6. LXRs and the skin

LXRB and, to a lesser extent, LXRo are expressed in the
epidermis. Human keratinocytes express CYP27 and thus
may produce 27-HC. In addition, oxysterols may be for-
med in the skin by cholesterol oxidation initiated by ultra-
violet light or air pollutants [68]. Thus all the components
of LXR signaling exist in the skin.
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22(R)-HC and 24(S),25-EC applied topically stimulate dif-
ferentiation and reduce proliferation of keratinocytes [90].
LXR agonists inhibit DNA synthesis in proliferating kera-
tinocytes and induce the expression of proteins involved
in epidermal maturation, such as involucrin [136]. These
data suggest that locally administered LXR agonists may
be potentially useful in the treatment of skin diseases as-
sociated with hyperproliferation and impaired differentia-
tion of epidermis, such as psoriasis.

In addition, LXR ligands accelerate epidermal barrier re-
pair after disruption of the epidermis by acetone or tape
stripping [136]. Oxysterols exert these effects in wild-type
and in LXRo”~ mice, but not in LXR”~ mice, suggesting
that LXR[ plays a predominant role in this context. In ad-
dition, LXR agonists stimulate the secretion of extracel-
lular lipids which are key components of lamellar bodies,
the major constituent of the stratum corneum of the epi-
dermis [107]. Furthermore, LXR ligands accelerate the
maturation of these extracellular lipids by up-regulating
B-glucocerebrosidase, required for the conversion of glu-
cosylceramides to ceramide, an essential step in the for-
mation of a functional epidermal barrier.

Cholesterol-3-sulfonate is found in large amounts in the
epidermis. It is formed in the basal and spinous layers, re-
aches its highest concentration in the granular layer, and
then decreases in the stratum corneum. This “epidermal
cholesterol sulfonate cycle” results from the concerted
actions of two enzymes: cytosolic sulfotransferase type
2B1b (SULT2B1b), also referred to as cholesterol sulfo-
transferase (CST), and sterol sulfatase (STS), also cal-
led arylsulfatase C. This cycle plays an important role in
epidermal function since cholesterol sulfonate accelera-
tes keratinocyte differentiation, but inhibits desquama-
tion; degradation of cholesterol sulfonate in the more su-
perficial epidermal layers is essential for desquamation
of epidermal cells. Impaired activity of STS leads to in-
herited X-linked ichthyosis, characterized by very high
concentrations of cholesterol-3-sulfonate in the skin and
blood. 22(R)-HC and 25-HC increase the expression of
SULT2BI1b in keratinocytes. The mechanism of this ef-
fect is unclear since the SULT2B1b gene does not con-
tain the LXRE [76]. Increased formation of cholesterol-
3-sulfonate may thus contribute to the enhancing effect
of LXR agonists on keratinocyte differentiation. In ad-
dition, due to the observation that certain oxysterol sul-
fonates are LXR antagonists [146], one cannot exclude
that such compounds are formed in the epidermis from
the abundant cholesterol sulfonate by enzymatic and/or
ROS-mediated hydroxylation.

Hanley et al. [67] demonstrated that 22(R)-HC injected
intra-amniotically accelerates the maturation of the fetal
epidermal barrier in the rat. Fluhr et al. [48] showed that
22(R)-HC, T0901317 and GW3965 also exert this effect
if applied topically in rat pups and that this effect is as-
sociated, at least in part, with the acceleration of epider-
mal acidification, which occurs in the postnatal period
[48]. Premature infants have an immature skin barrier
and are therefore susceptible to dehydration and hypo-
thermia. These studies [48,67] suggest that LXR agoni-
sts might be useful in the management of the epidermo-
pathy of prematurity.

6.7. Cell proliferation

T0901317, 22(R)-HC, and 24(S)-HC inhibit the growth
and cell cycle progression of cultured prostate cancer cells.
Interestingly, androgen-insensitive cells (characteristic of
more advanced stage of prostate cancer) are more sensi-
tive to T0901317 than the more differentiated androgen-
sensitive cells [55]. The expression of LXRo and LXRf3
in prostate cancer cells decreases during tumor progres-
sion, which is accompanied by reduced ABCA1 expression
and increased cholesterol content [34]. In vivo, T0901317
retards the progression of prostate tumor induced in ca-
strated mice inoculated with prostate cancer cells [34]. In
addition, T0901317 inhibited in vitro the proliferation of
several other cancer cell lines, including breast cancer,
lung cancer, osteoblastic tumor, epidermoid carcinoma,
squamous cell carcinoma, cervical cancer, and hepatoma
cells [35]. It should be noted that a part of the beneficial
effect of TO901317 on prostate cancer cells may be LXR
independent, since this compound is also a competitive an-
tagonist of androgen receptors [33].

6.8. Detoxification and drug metabolism

Various endogenous (e.g. steroid hormones) and exogenous
(e.g. drugs) hydrophobic compounds are hydroxylated in the
liver by multiple cytochrome P450 isoforms. The expression
of many of these enzymes is enhanced by the corresponding
substrate through several xenobiotic-sensitive nuclear recep-
tors such as constitutive androstane receptor (CAR) and pre-
gnane X receptor (PXR). For example, phenobarbital up-re-
gulates CYP2B2 expression in a CAR-dependent manner,
whereas CYP3A is stimulated by rifampicin and dexame-
thasone, which are PXR ligands. Handschin et al. [66] de-
monstrated that LXR-activating oxysterols impaired pheno-
barbital-induced expression of CYP2B2 in hepatocytes due
to the competition between the LXR/RXR and CAR/RXR
heterodimers for a common DR-4 DNA sequence in the pro-
moter region of the CYP2B2 gene [10]. On the other hand,
24(S),25-EC, and T0901317 increased the expression of
CYP3A in rat and mouse hepatocytes; however, this effect
is mediated by PXR rather than LXR [142].

Aldo-keto reductase 1-B7 (AKR1-B7) is expressed in the
liver, adrenals, and the small intestine. In the adrenal cor-
tex, AKR1-B7 reduces isocaproaldehyde formed from the
side-chain of cholesterol during its cleavage by CYP11A1 in
the first step of steroidogenesis. It is suggested that intestinal
AKR1-B7 contributes to the detoxification of alimentary li-
pid peroxidation products such as 4-hydroxynonenal to less
toxic compounds. Orally administered T0901317 increases
AKR1-B7 mRNA and protein levels in the mouse small in-
testine, which is accompanied by a decrease in lipid pero-
xidation products in the intestinal wall [172]. This suggests
that LXRs may control the lipid peroxidation process and
may thus contribute to antioxidant protection. In contrast,
LXR agonists have no effect on hepatic AKR1-B7 under ba-
seline conditions, but they attenuate the stimulatory effect of
growth hormone on its expression. The effect of LXR ago-
nists on adrenal AKR1-B7 has not been studied yet.

The role of LXRs in the detoxification processes is not con-
fined to exogenous compounds. Indeed, activation of LXR
protects the liver from damage induced by high levels of
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Table 2. Changes in LXR signaling in pathological conditions

Expression of LXR

Increased

Decreased

Metabolic syndrome/Diabetes mellitus

- T LXRovand LXRB in pancreatic p cells in various animal models of
diabetes [32,182]

- T LXRotin adipose tissue of severely obese humans [39]

Atherosclerosis [179]

Metabolic syndrome/Diabetes mellitus

- | LXRot and LXRB in the kidney of mouse models of T1DM [125]
« L LXRaxin epidydimal fat of Zucker rat [82]
- L LXRotin peripheral blood monocytes of T2DM patients [49]

Multiple sclerosis [59] Multiple sclerosis [100]
Ageing

Level of endogenous LXR ligands

Agonists

Disease Changes in LXR ligands

Smith-Lemli-Opitz syndrome (SLOS)

T 27-HCin plasma
T 24(5)-HCin plasma
T 27-hydroxy-7-dehydrocholesterol*

Niemann-Pick type C disease

{ oxysterol formation

Alzheimer’s disease

T plasma 24(5)-HC (early phase)
l plasma 24(S5)-HC (late phase)

Multiple sclerosis T plasma 24(S)-HC (early phase)

J plasma 24(5)-HC (late phase)
Cholestasis T plasma and urinary 24(S)-HC
Atherosclerosis T plasma 27-HC

Antagonists

Disease

Changes in LXR ligands

Obesity/diabetes mellitus

T non-esterified fatty acids in plasma

Diabetic ketoacidosis

T acetoacetate

*Only trace amounts of this compound are present in healthy subjects. T1(2)DM — type 1(2) diabetes mellitus. References are provided only for

controversial findings.

bile acids by inducing sulfonation and urinary excretion
of these toxic compounds [167].

6.9. LXR, ABCD2, and adrenoleukodystrophy

X-linked adrenoleukodystrophy (ALD) is an inherited di-
sease characterized by the accumulation of very-long-cha-
in fatty acids, which are not correctly oxidized in peroxi-
somes. Adrenoleukodystrophy results from a mutation of
the ALD gene encoding an ABCD1 transporter involved in
fatty acid transport to peroxisomes. Overexpression of a re-
lated transporter, ABCD?2, also referred to as ALD-related
protein (ALDRP), can compensate for ABCDI1 deficiency
in experimental studies. Cholesterol depletion stimulates
ABCD?2 gene expression through an SREBP-2-dependent
mechanism. In the promoter region of the ABCD?2 gene,
SRE overlaps with the LXRE sequence. In the presence
of LXR ligands, the LXR/RXR heterodimer binds to this
sequence and blocks the stimulatory effect of SREBP-2.
Therefore, ABCD2 expression is slightly increased in
LXRo"/LXRB™ double-knockout mice, whereas in wild-

type animals it is suppressed by LXR agonists. These data
suggest that LXR antagonists, by increasing the ABCD2
level, might be useful in the treatment of adrenoleukody-
strophy [181].

7. ALterations oF LXR SiGNALING IN PaTHOLOGICAL
ConbiTioNs

Despite the many biological effects of LXR agonists de-
scribed so far, little is known about changes in endogeno-
us LXR signaling in pathological conditions. In particular,
only a few studies have addressed LXR expression in hu-
man pathology or in respective experimental animal mo-
dels of certain diseases. Relatively more data are availa-
ble about alterations of endogenous oxysterols in various
pathological states (Table 2).

7.1. Inherited disorders of cholesterol metabolism

Smith-Lemli-Opitz syndrome (SLOS) is a severe debili-
tating disease resulting from an inborn metabolic error in
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the final step of cholesterol synthesis, the conversion of
7-dehydrocholesterol to cholesterol by 7-dehydrochole-
sterol 7a-reductase. Plasma and tissue concentrations of
cholesterol are extremely low in SLOS patients. Bjorkhem
et al. [13] demonstrated that plasma 27-HC is higher and
24(S)-HC is lower in patients with SLOS than in healthy
controls. The increase in 27-HC probably results from its
reduced metabolism by CYP7B1, whereas the rate of pro-
duction and the metabolism to cholestenoic acid are nor-
mal. The mechanism of 24(S)-HC deficiency is less clear,
but may involve reduced availability of cholesterol in the
brain. Interestingly, the 7-dehydrocholesterol which accu-
mulates in SLOS patients may be converted to 27-hydroxy-
7-dehydrocholesterol by CYP27. Indeed, the plasma con-
centration of 27-hydroxy-7-dehydrocholesterol in SLOS
patients is 0.01-0.25 uM vs. picomolar concentrations in
healthy subjects. 27-hydroxy-7-dehydrocholesterol is a se-
lective agonist of LXRa [178]. It remains to be established
if these changes in oxysterol levels have any LXR-related
implications for SLOS pathophysiology.

Niemann-Pick type C disease is a severe inherited disorder
associated with cholesterol storage in the lysosomal com-
partment which results from the deficiency of either of the
two proteins Niemann-Pick C1 (NPC1) or C2 (NPC2) invo-
Ived in cholesterol trafficking to the endoplasmic reticulum
(ER) from the late endosomal and lysosomal compartments
[28]. Consequently, fewer oxysterols are formed in the ER
of cells lacking NPC1 or NPC2 [53]. Apart from the ove-
raccumulation of cholesterol in various tissues, Niemann-
Pick type C disease is characterized by reduced plasma
HDL-cholesterol and impaired ABCA1- and ABCG1-dri-
ven cholesterol efflux. Recently it was demonstrated that
oxysterols or TO901317 stimulate cholesterol efflux from
NPC1- fibroblasts, facilitate HDL formation, and deple-
te intracellular cholesterol stores [16]. These data indicate
that impaired intracellular cholesterol trafficking results in
reduced formation of endogenous LXR ligands in NPC1-~
cells and suggest that LXR agonists might be helpful in the
treatment of Niemann-Pick type C disease.

7.2. Nervous system diseases

Due to exclusive production of 24(S)-HC in the brain, it
is not surprising that its level is altered in neurological di-
seases. Lutjohann et al. [105] first demonstrated that pla-
sma 24(S)-HC is moderately elevated in patients with
Alzheimer’s disease (AD) and non-Alzheimer‘s vascular
dementia. However, later studies revealed that 24(S)-HC
level exhibits time-dependent changes; it is transiently ele-
vated in an early phase of the disease, reflecting enhanced
brain cholesterol turnover, but is substantially reduced in
the later phase, possibly due to progressive loss of neu-
rons [19,121]. During the progression of AD, the amount
of CYP46 in neurons decreases, which is partially compen-
sated by its expression in glial cells [18]. A similar trans-
ition from elevated to depressed 24(S)-HC level is obse-
rved in patients with multiple sclerosis [97,160]. Liu et al.
[100] demonstrated that the amounts of LXRo and LXRPB
mRNAs were lower in monocytes of patients with multi-
ple sclerosis than in a control group, but only in the popu-
lation of Stockholm and not in the population of Sardinia.
These data suggest that impaired anti-inflammatory LXR
signaling may contribute to the development of multiple

sclerosis in some ethnic groups. In contrast to this study
[100], Giorelli et al. [59] observed increased expression of
LXRp in peripheral blood mononuclear cells of MS pa-
tients. However, the sensitivity to T0901317 was not en-
hanced, suggesting that a postreceptor defect in LXR si-
gnaling may exist in multiple sclerosis. The reason for
these discrepant results [59,100] is not clear. However, it
was suggested that increased expression of LXR may be
an adaptive response to a reduced availability of its ligand,
24(S)-HC, in patients with multiple sclerosis [59]. It has
also been shown that four single-nucleotide polymorphi-
sms in the LXRf3 gene correlated with the risk of late-on-
set Alzheimer’s disease [1].

7.3. Obesity, diabetes mellitus, and metabolic
syndrome

Uehara et al. [166] demonstrated that nonestrified fatty acids
(NEFAs) and acetylacetate competitively inhibit 22(R)-HC-
induced ABCAL expression in cultured hepatocytes and
macrophages. They suggested that increased concentration
of NEFAs in patients with the metabolic syndrome and/or
type 2 diabetes, by antagonizing LXRs, compromises cho-
lesterol efflux from macrophages, ultimately leading to im-
paired HDL formation and reverse cholesterol transport.
In addition, elevated acetoacetate in patients with diabe-
tic ketoacidosis might have a similar effect.

Data concerning the level of LXR expression in animals
and humans with diabetes and/or obesity are conflicting
(Table 2). For example, Proctor et al. [125] observed redu-
ced expressions of LXRo and LXRp in the kidney in two
mouse models of type 1 diabetes mellitus. Similarly, Juvet
et al. [82] demonstrated that LXRo mRNA is reduced in
epidydimal fat of Zucker obese rats. Forcheron et al. [49]
observed that the LXRoo mRNA level in peripheral blood
monocytes was lower in patients with type 2 diabetes than
in healthy controls. On the other hand, the expressions of
LXRo and LXR in skeletal muscle cells were similar in
control and type 2 diabetic patients [86]. Similarly, Auboeuf
et al. found no difference in LXRo or LXR[ expression
in subcutaneous adipose tissue between control and either
obese or type 2 diabetic subjects [8]. In contrast, Dahlman
et al. [39] observed that LXRa, but not LXRf, mRNA level
was higher in subcutaneous and abdominal adipose tissue
of severely obese (body mass index BMI >40 kg/m?) sub-
jects than in control individuals. Interestingly, it was obse-
rved that the lipogenic effect of LXR agonists in the ske-
letal muscle of patients with type 2 diabetes is enhanced in
comparison with healthy control subjects because, in con-
trast to healthy individuals, these agents stimulate fatty acid
synthesis, but not oxidation, in diabetics [86]. Importantly,
whereas T0901317 increased insulin sensitivity of skeletal
muscle cells in healthy patients, as evidenced by increased
IRS-1 and PKB phosphorylation, no effect on insulin sen-
sitivity was observed in diabetic myocytes [86].

Wente et al. [182] and Choe et al. [32] observed increased
expression of LXRo and LXRp in pancreatic f cells in
various rodent models of diabetes, including Zucker fa/fa
rats, OLETF rats, and db/db mice. Due to a possible lipo-
toxic effect of LXR agonists (see paragraph 2.5), overe-
xpression of LXR in diabetic islets may contribute to 3-cell
dysfunction and damage.
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7.4. Other conditions

The concentration of 24(S)-HC is markedly increased in the
serum and urine of children with cholestasis [111]. Plasma
concentrations of 27-HC and cholestenoic acid are incre-
ased in patients with atherosclerosis, which may reflect en-
hanced formation of these oxysterols in lipid-loaded foam
cells in the atherosclerotic lesions [9]. The plasma concen-
tration of cholesterol sulfonate is elevated in patients with
liver cirrhosis and hypercholesterolemia [154]. Taking into
account that certain oxidized cholesterol sulfonates are LXR
antagonists [146] and that hypercholesterolemia is associa-
ted with oxidative stress, it is possible that an increase in
sulfonated oxysterols could compromise LXR signaling.
However, plasma-oxidized cholesterol sulfonates have not
been measured in any pathological conditions. Finally, age-
ing is associated with a decrease in LXRo expression in va-
rious brain regions in male and female rats [135].

8. TueraPeuTIC PoTENTIAL OF LXR AGoNISTS

Given the potent effect of LXR agonists on HDL forma-
tion, cholesterol efflux, and inflammatory reaction, these
compounds would be expected to be very helpful in the
prevention and/or treatment of atherosclerosis. There are
also other potential therapeutic applications, depicted in
Table 3. However, the possible side effects should also be
kept in mind, the most important of them being lipogene-
sis and its consequences, i.e. liver steatosis and/or hypertri-
glyceridemia. In addition, because unsaturated fatty acids
are LXR antagonists, enhanced lipogenesis may limit the
stimulatory effect on cholesterol efflux. Indeed, Sun et al.
[151] demonstrated that LXR agonists induce SREBP-1c
and SCD-1 expression in cultured macrophages and in-
crease the production of fatty acids, which partially anta-
gonize LXR-mediated ABCA1 expression and cholesterol
efflux. Thus, specific LXR modulators with little or no ef-
fect on lipogenesis would be greatly desirable.

Several strategies may be applied to generate LXR ligands
devoid of lipogenic potential. First, most data suggest that
the lipogenic effect of LXR agonists in the liver is media-
ted mainly by LXRa. In contrast, macrophages contain
both isoforms and both are involved in cholesterol efflux.
Therefore, specific LXR[ agonists might specifically tar-
get cholesterol balance. Quinet et al. [127] demonstrated
that synthetic LXR agonists stimulate ABCA1 expression
and cholesterol efflux from peritoneal macrophages obta-
ined from wild-type, LXRo"~, and LXRB~ mice, confir-
ming that both receptors may mediate cholesterol efflux.
In vivo, LXR agonists were less effective in increasing he-
patic SREBP-1c gene expression in LXRo"" than in wild-
type mice and failed to increase plasma triglycerides in
LXRa” animals, whereas the increase in HDL-choleste-
rol was comparable in both groups. Thus, selective acti-
vation of LXR effectively stimulates HDL formation and
cholesterol efflux, but not hepatic lipogenesis. However,
LXR agonists failed to stimulate CYP7AI gene expression
in the liver of LXRo”~ mice, suggesting that the metabo-
lism of cholesterol to bile acids may be ineffective follo-
wing the administration of LXR-specific ligands. In ad-
dition, agonists with considerable selectivity for LXR[3
over LXRa are not currently available, and the synthesis
of such compounds will be a challenge since the ligand-

binding domains of both isoforms show almost 80% ho-
mology of their amino-acid sequences.

The second possibility to generate LXR agonists devoid
of lipogenic properties arises from the observation that, in
contrast to nonsterol agonists, steroid LXR activators such
as oxysterols are less potent in stimulating lipogenesis be-
cause they also inactivate SREBP (see part I of this review).
Unfortunately, all known oxysterols are rapidly metabolized
and their in vivo effectiveness is very limited. However, it
cannot be excluded that synthetic sterol LXR agonists resi-
stant to degradation will be synthesized in the future.

The third approach is to obtain gene-specific LXR modula-
tors which will stimulate ABCA1 but not SREBP-1c. Such
a strategy is theoretically possible because the cooperation
between LXR, co-activators, and co-repressors may regula-
te various genes in a different manner. For example, in the
absence of ligand, LXR inhibits the expression of ABCA1
(by binding co-repressors), but slightly stimulates that of
SREBP-1c¢ [173]. Therefore, loss of LXR results in mode-
rate elevation of ABCA1 and depression of SREBP-1c. In
theory, an agonist which induces the dissociation of co-re-
pressors but does not recruit co-activators should stimulate
ABCAL, but not affect, or even reduce, SREBP-1c. Among
the experimentally used LXR activators, T0901317 incre-
ased plasma and liver triglycerides and exerted a potent ef-
fect on hepatic SREBP-1c and FAS expression, whereas
GW3965 failed to elevate triglycerides in C57B1/6 mice.
However, both agonists induced a comparable stimulation
of ABCALI in the liver and small intestine and similarly in-
creased plasma HDLs [112].

The fourth potential approach to obtain non-lipogenic
LXR agonists is to generate tissue-selective compounds
which will act on macrophages, but not on hepatocytes.
In particular, tissue selectivity may result from the phar-
macokinetics of a specific compound. Plant sterols have
been used for a long time to suppress the absorption of
alimentary cholesterol. In general, it is believed that the-
ir effect results mainly from competition with cholesterol
for intestinal absorption mechanisms. Taking into acco-
unt that certain oxidized phytosterols activate LXRs and
that such oxidized derivatives are detected in the plasma
of healthy humans [61], one cannot exclude the possibili-
ty that phytosterols exert their beneficial effect in part by
stimulating LXRs in the intestine or even in other tissu-
es [23]. Kaneko et al. [84] demonstrated that the oxidized
derivative of ergosterol YT-32 effectively inhibits chole-
sterol absorption by up-regulating intestinal ABCGS and
ABCGS, but does not induce hypertriglyceridemia or he-
patic steatosis when given orally. This selectivity results
from the fact that, like native phytosterols, YT-32 is rapi-
dly removed from enterocytes to the gut lumen and its net
absorption is very poor; thus the effect of YT-32 in the li-
ver is limited. In contrast, nonsteroid LXR agonists such
as T0901317 are not transported by ABCGS and ABCGS.
Although these results may suggest a novel strategy to se-
arch for nonlipogenic LXR agonists, it should be expected
that the effect of compounds like YT-32 on macrophage
cholesterol efflux will also be very limited.

Song and Liao [147] demonstrated that a cholestenoic acid
derivative, hypocholamide, exerts a desirable effect on cho-
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lesterol metabolism, i.e. it reduces total plasma cholesterol
and hepatic cholesterol content without affecting plasma
triglycerides. It is suggested that this selectivity is acco-
unted for by a rapid glucuronidation of hypocholamide in
the liver, which limits its effect on hepatic SREBP-1c whi-
le allowing stimulation of reverse cholesterol transport at
the level of peripheral tissues. Interestingly, in vitro, hypo-
cholamide is a relatively specific LXRa activator, which
indicates that LXRp selectivity is not mandatory for a be-
neficial pharmacological profile.

Quinet et al. [126] described a synthetic oxysterol, N,N-di-
methyl-3p-hydroxycholamide (DMHCH), which effective-
ly stimulated the expressions of hepatic and macrophage
ABCAT1 and ABCG1 while having only a moderate effect
on SREBP-1c. Although this gene selectivity could be ac-
counted for by its oxysterol structure (see above), DMHCH
also antagonized the stimulatory effect of GW3965 on
SREBP-1c expression, suggesting that it behaves as a mixed
LXR agonist-antagonist. /n vivo, DMHCH raised HDLs,
but had no effect on plasma triglycerides, not only due to
its gene selectivity, but also because its absorption from the
intestine is limited. Indeed, orally administered DMHCH
increased intestinal ABCA1 expression and HDL forma-
tion, but had little effect on hepatic ABCAL.

9. Errect oF CurrentLY Usep Druas on THE LXR SiGNALING
SYSTEM

Whereas the application of specific LXR agonists in the-
rapy is a matter of the future, LXR signaling may also
be modulated by currently used drugs. Below are brie-
fly characterized the effects of commonly used drugs on
LXR signaling.

9.1. Statins

Statins are competitive inhibitors of HMG-CoA reduc-
tase, a rate-limiting enzyme in cholesterol biosynthesis,
which converts HMG-CoA to mevalonate. Initially intro-
duced as cholesterol-lowering agents, statins exhibit many
so-called “pleiotropic” effects associated with inhibiting
the formation of other sterols as well as nonsteroid isopre-
noids (see Figure 3 in part I of this review). Statins are in
general well tolerated, but in some patients severe side ef-
fects are observed such as myopathy, hepatotoxicity, etc.
Statins may inhibit the formation of various mevalonate
derivatives, including geranylgeranylpyrophosphate, an
LXR antagonist [50], and of LXR-activating oxysterols,
and the overall effect of them on LXR signaling is thus
difficult to predict.

Several in vivo studies addressed the effect of statins on
plasma and/or cerebrospinal fluid (CSF) level of 24(S)-HC
in humans, although none of them was specifically desi-
gned to address the statin-LXR relationship. Simvastatin
(80 mg/day) administered for 6-24 weeks reduced the pla-
sma 24(S)-HC concentration and the 24(S)-HC/total cho-
lesterol ratio in 18 hypercholesterolemic patients [103]. In
a larger group of hypercholesterolemic patients (n=150),
different statins decreased plasma 24(S)-HC, but did not
change the ratio between 24(S)-HC and total choleste-
rol [46]. In another study [104], simvastatin administe-
red at 40 or 80 mg/day slightly reduced 24(S)-HC in the

CSF, but had no effect on the ratio between 24(S)-HC
and cholesterol in 44 patients with Alzheimer’s disease.
Similarly, various statins reduced absolute 24(S)-HC but
not the 24(S)-HC/cholesterol ratio in the plasma of 31 pa-
tients with Alzheimer’s disease [169]. Hoglund et al. [72]
reported that simvastatin (20 mg/day for 12 months) had
no effect on the absolute 24(S)-HC level in the CSF in pa-
tients with Alzheimer’s disease, but increased the 24(S)-
HC/cholesterol ratio. Thelen et al. [162] demonstrated that
pravastatin administered for 6 months at 40 mg/day had
no significant effect on plasma 24(S)-HC despite redu-
cing total cholesterol, which resulted in a 15% elevation
of the 24(S)-HC/cholesterol ratio. This may be associated
with the hydrophilicity of pravastatin, which fails to per-
meate the blood-brain barrier and is thus unable to block
cholesterol synthesis in the brain, which is a precursor of
24(S)-HC [163]. In contrast to 24(S)-HC, pravastatin sli-
ghtly reduced plasma 27-HC but, due to a greater reduc-
tion of cholesterol, still elevated the 27-HC/cholesterol
ratio [162]. In addition, atorvastatin (40 mg/day) or si-
mvastatin (80 mg/day) administered for 2 months reduced
absolute plasma 24(S)-HC and 27-HC but did not chan-
ge their concentrations per unit of total cholesterol [161].
In patients with type 2 diabetes and hyperlipidemia, fluva-
statin (20 mg/day for 12 weeks) reduced the total plasma
oxysterol level by about 30%. Specific analysis of certain
oxysterols revealed that most of them, including 25-HC,
27-HC, 7B-HC, 24(S),25-EC, and 7-ketocholesterol, were
reduced by fluvastatin therapy [164]. Because fluvastatin
reduced not only enzymatically, but also nonenzymatical-
ly formed oxysterols, a part of its effect could have resul-
ted from the inhibition of oxidative stress.

Taken together, these results suggest that statins have only
a minor reducing effect on endogenous oxysterols in pla-
sma; this effect results most likely from the inhibition of
cholesterol synthesis or the depletion of plasma lipopro-
teins which carry most of the oxysterols in the circula-
tion. However, because oxysterols are formed intracel-
lularly, the effect of statins on tissue oxysterol level is of
greater significance. In the guinea pig, pravastatin (250
mg/day for 3 weeks) reduced 24(S)-HC concentration in
the brain only by 17%, whereas simvastatin (150 mg/day
for 3 weeks) had no effect [106]. In the rat, a high dose
of simvastatin (100 mg/kg for 3 days), although effective-
ly reducing brain cholesterol synthesis, had no effect on
24(S)-HC in the brain tissue, suggesting that cholesterol
availability is not a rate-limiting factor for the formation
of this oxysterol [163].

It is unclear if these minor, if any, effects of statin on en-
dogenous oxysterols have any consequences for LXR si-
gnaling. Orally administered pravastatin had no effect on
either hepatic or leukocyte ABCA1 in mice [3]. Moreover,
Thelen et al. [163] observed that simvastatin elevated
ABCAL1 level in the rat brain; the findings are inconsistent
with any impairment of LXR signaling. In addition, al-
though CYP46A1 (cholesterol 24-hydroxylase)-knockout
mice demonstrate learning impairment and abnormal long-
term synaptic potentiation in the hippocampus, these ab-
normalities are not corrected by LXR agonist, suggesting
that severe impairment of 24(S)-HC production in the bra-
in does not cause functionally significant consequences of
LXR hypofunction. Instead, signs of CYP46A1 knocko-
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ut were corrected by geranylgeraniol, which indicates that
feedback inhibition of the mevalonate cascade (due to im-
paired cholesterol efflux from the brain) and compromi-
sed geranylgeranylation of proteins was mainly responsi-
ble for these abnormalities [91]. The findings that statins
have no deleterious effect on ABCA1-mediated choleste-
rol efflux may be interpreted in at least three ways: 1) sta-
tins, despite reducing cholesterol synthesis, have a negli-
gible effect on oxysterols because a high cholesterol level
is not a rate limiting factor for oxysterol formation, 2) sta-
tins reduce oxysterols slightly, but the physiological level
of endogenous oxysterols is high enough to be not rate-li-
miting for LXR signaling, (3) the negative consequences
of oxysterol depletion are balanced by another, opposite
mechanism beneficial for LXR signaling, such as reduc-
tion of geranylgeraniol.

However, several in vitro studies have demonstrated a con-
siderable impairment of LXR signaling by statins. Forman
et al. [50] first demonstrated that mevastatin or lovastatin
reduced the transcriptional activity of the LXR/RXR he-
terodimer in cultured cells and that this effect was rever-
sed by mevalonate and by LXR-activating oxysterols, but
not by farnesol or geranylgeraniol. These results suggest
that, despite the bidirectional regulation of LXRs by gera-
nylgeraniol and oxysterols, the depletion of oxysterols in
statin-treated cells has a dominant effect [50]. In rat he-
patoma cells, mevastatin (compactin) reduced SREBP-1c
gene expression and this effect was reversed by mevalo-
nate, T0O901317, or 22(R)-HC [43]. Gouedard et al. [60]
demonstrated that statins reduce the expression of para-
oxonase-1 (PONT1), an antioxidant and atheroprotective
enzyme, in cultured human hepatocytes and that 22(R)-
HC normalized PONT1 synthesis, secretion, and activity.
In murine RAW264.7 macrophages, pravastatin reduced
the expressions of ABCA1 and ABCG1 and their levels
were restored by mevalonate and 22(R)-HC [3]. However,
in the same study, pravastatin had no effect on ABCA1
in human HepG2 hepatocytes, suggesting that sensitivi-
ty to statin-induced oxysterol depletion may be cell speci-
fic. Consistent with this notion, Sone et al. [145] observed
that atorvastatin, fluvastatin, simvastatin, and lovastatin
reduced the ABCA1 mRNA level by almost 90% in va-
rious human and murine macrophage cell lines, had no
effect on ABCAL1 in Swiss 3T3 fibroblasts and human em-
bryonic kidney HEK293 cells, and increased ABCA1 by
more than twofold in HepG2 cells. The inhibitory effect
on ABCAL in macrophages was reversed by mevalonate
or 22(R)-HC, similarly to previous studies [145]. Recently
it was demonstrated that atorvastatin suppresses not only
LXR target genes, ABCAL1, and apo-E, but also CYP27 in
THP-1 macrophages [102]. Zanotti et al. [193] observed
that compactin and pitavastatin impaired cholesterol and
phospholipid efflux from murine peritoneal macrophages,
which was accompanied by reduced ABCA1 expression,
and that mevalonate as well as a mixture of 22(R)-HC and
9cRA reversed this effect. Reduction of ABCA1 by statins
was also observed in cultured human keratinocytes [77].
Hugq et al. [74] demonstrated that pravastatin reduced the
expression of LXR target genes, retinal dehydrogenase- 1
and -2, in cultured liver cells and in the liver in vivo.

It should be noted that statins may downregulate ABCA1
also in an LXR-independent manner. In particular, statins,

by depleting intracellular cholesterol, activate SREBP-2,
which is a negative regulator of ABCA1 [184]. Recently
it was demonstrated [186] that statins at pharmacologi-
cally relevant concentrations downregulate ABCA1 and
ABCGI expression in human macrophages when the
cholesterol content in these cells is low, but not when the
cholesterol content is high. This inhibitory effect of sta-
tins was abolished by natural and synthetic LXR agonists
[186]. This study may explain, at least in part, the discre-
pant results of previous experiments, which might have
resulted from using macrophages with different degrees
of cholesterol load.

While the effect of statins on cholesterol-derived oxyste-
rols such as 24(S)-HC, 25-HC, or 27-HC is controversial,
a more consistent effect of HMG-CoA reductase inhibi-
tors should be expected on 24(S),25-EC, a pre-cholesterol
product of the mevalonate cascade (see Figure 3 in part [
of this review), since the rate of synthesis of this compo-
und closely parallels the rate of cholesterol production ra-
ther than the steady-state cholesterol concentration. Wong
et al. [185] showed that statins reduce the 24(S),25-EC le-
vel in primary and cultured macrophages, which is ac-
companied by decreases in ABCA1 and ABCG1 mRNA
and protein levels and impaired apoA-I-mediated chole-
sterol efflux. The effect of statins on cholesterol efflux
pumps was reversed by mevalonate as well as by exoge-
nous 24(S),25-EC [3,185].

Argmann et al. [7] showed that atorvastatin stimulated
apoA-I or HDL-dependent cholesterol efflux despite redu-
cing 24(S),25-EC synthesis in human THP-1 macrophages.
This effect was abolished by mevalonate, farnesyl pyropho-
sphate, and also by geranylgeranylpyrophosphate (which is
not converted to cholesterol). In addition, protein prenyl-
transferase inhibitors mimicked the effect of atorvastatin.
These data suggest that atorvastatin stimulates cholesterol
efflux by attenuating isoprenylation of proteins. Specifically,
the effect of atorvastatin was abolished by inhibitors of ge-
ranylgeranylated Rho proteins and Rho-dependent protein
kinase (ROCK). Interestingly, PPARY or LXR antagonists
also abolished the beneficial effect of atorvastatin. Further
studies revealed that atorvastatin, by reducing geranylgera-
nylpyrophosphate availability, reduces geranylgeranylation
of RhoA protein, leading to decreased ROCK-dependent
phosphorylation of PPARY. Dephosphorylated PPARYy has
greater activity and stimulates LXR expression, ultimately
leading to up-regulation of ABCAL1 [7]. These data indi-
cate that statins may modulate LXR independently of af-
fecting oxysterol production. Interestingly, atorvastatin ad-
ministered for three weeks prevented age-related reduction
of LXRo expression and increased its transcriptional ac-
tivity in the rat liver [134]. Various mechanisms through
which statins may regulate the LXR-ABCA1 pathway are
presented on Figure 1.

Taking into account all these considerations, it seems that
a combination of statins and LXR agonists might be espe-
cially useful in atheroprotection. Statins markedly reduce in-
tracellular cholesterol synthesis and plasma LDL-choleste-
rol level and although they may raise HDL to some extent,
this effect is rather limited. On the other hand, LXR agoni-
sts markedly increase HDL-cholesterol and, at the cellular
level, stimulate cholesterol efflux. Such a combination may
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Figure 1. Mechanisms through which statins may
modulate ABCA1 and cholesterol efflux in
macrophages/foam cells. The expression
of ABCAT is stimulated by oxysterols acting
on LXRs. Statins inhibit HMG-CoA reductase,
which converts HMG-CoA to mevalonate,
and thus reduce the availability of several
mevalonate derivatives, including cholesterol,
24(S),25-epoxycholesterol (24(S),25-EC),
and geranylgeraniol. Cholesterol inhibits
the activation of sterol requlatory element-
binding protein-2 (SREBP-2), which
suppresses ABCAT expression. Consequently,
cholesterol stimulates ABCA1 and statins,
by reducing cholesterol, tend to decrease
it. In addition, statins tend to reduce

thus have a potentially very beneficial effect on the lipid
profile and intracellular cholesterol balance. In addition,
LXR agonists may prevent possible side effects of statins
associated with depletion of the oxysterol pool.

Interestingly, although oxidosqalene: lanosterol cyclase
(OSC) is involved in both the regular and shunt pathways
of cholesterol synthesis (see Figure 3 in the part I of this re-
view), it preferentially cyclizes dioxidosqalene. Therefore,
at moderate concentrations, selective OSC inhibitor redu-
ces cholesterol synthesis, but increases 24(S),25-EC syn-
thesis, consequently enhancing ABCA1- and ABCG1-me-
diated cholesterol efflux in an LXR-dependent manner
[133,185]. Thus OSC inhibitors may have very favorable
pharmacological activity, simultaneously inhibiting cho-
lesterol synthesis and stimulating the 24(S),25-EC/LXR
pathway [11,170].

9.2. Fibrates

Fibrates are specific agonists of PPARo and are commonly
used in the treatment of hyperlipidemia. Fibrates markedly
reduce plasma triglycerides, slightly decrease LDL-cho-
lesterol and elevate HDL-cholesterol. Taking into acco-
unt the complex interactions between LXR and PPARa., it
might be expected that fibrates will modulate LXR signa-
ling. Apart from increasing LXR expression [165] and in-
ducing a competition between PPARo and LXR for RXR
[110], several other mechanisms of fibrates’ action must
be considered.

Very interesting data about the fibrate-LXR relationship
were provided by Thomas et al. [164]. These authors de-
monstrated that fenofibrate, which is used in the form of
an ester, is a potent LXR antagonist. Fenofibrate binds to
the ligand-binding domain of LXR and displaces oxyste-
rol ligands. Fenofibrate antagonizes the stimulatory effect
of T0901317 on SREBP-1c and FAS in hepatocytes and re-
duces the basal levels of these proteins by antagonizing the
effect of endogenous oxysterols. Interestingly, fenofibrate
ester binds LXRs with greater affinity than PPARo [164].
In vivo, fenofibrate is rapidly hydrolyzed to fenofibric acid,
which has no LXR-antagonistic activity. However, fenofi-
brate ester is detected in the liver of mice treated with fe-
nofibrate, suggesting that LXR blockade may contribute to

LXR activity and ABCA1 expression by
decreasing 24(S),25-EC concentration. On
the other hand, statins tend to stimulate
LXR by decreasing GG, an LXR antagonists.
Moreover, reduction of GG interferes with the
geranylgeranylation of RhoA, an activator
of ROCK-dependent kinase (ROCK), which
phosphorylates and inactivates PPARy.
Because active nonphosphorylated PPARy
stimulates LXRx gene expression, this latter
effect of statins also favors the stimulation
of LXR signaling and ABCA1 expression.
The overall effect of statins results from
the balance between at least these two
stimulatory and two inhibitory mechanisms
and depends on many factors, such as cell
type, experimental conditions, pretreatment
intracellular concentrations of relevant
mevalonate derivatives, etc.

some of the pharmacological effects of this drug (e.g. re-
ducing plasma triglycerides). Interestingly, fenofibrate has
no effect on LXR-induced ABCA1 expression in the liver
or macrophages, suggesting that its effect is gene speci-
fic. In contrast to fenofibrate, other fibrates are used as free
acids which are inactive toward LXRs [164].

Johnson et al. [78] demonstrated that clofibrate and a nonfi-
brate PPARo agonist, Wy14643, markedly decreased LXR
activity in cultured cells by reducing the formation of en-
dogenous LXR ligands. The precise site of action was not
identified, but it was downstream to HMG-CoA reducta-
se since supplementation of mevalonate failed to rever-
se fibrates’ effect [78]. Ciprofibrate reduces the expres-
sion of CYP7A1 and CYP27 in the liver both in vitro and
in vivo [124]. The expression of the CYP7AI gene is in-
hibited because fibrates induce the formation of atypical
PPARo/LXRa heterodimer, which binds to the specific
LXRo/PPAR« response element (LPRE) consisting of two
adjacent hexameric nucleotide sequences within the regu-
latory region of CYP7A1 gene and inhibits the stimulation
of gene transcription by LXR agonists alone [57].

In contrast, Guan et al. [65] showed that clofibrate admini-
stered orally increased the concentrations of various oxy-
sterols, including 7B-hydroxycholesterol, 5,6-epoxychole-
sterol, 7-ketocholesterol, 25-HC, and 27-HC, in rat hepatic
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microsomes. Clofibrate also increased LXRo and ABCA1
expression in the liver. Because these effects of clofibrate
were abolished by cytochrome P450 inhibitor, ketokona-
zole, it was suggested that the increase in oxysterols resul-
ted from CYP-dependent oxidation of cholesterol. Indeed,
CYP3A is induced by clofibrate in the liver [65]. Hepatic
expression of CYP7A1 was reduced, presumably due to
PPAR«-dependent suppression of the CYP7A1 gene pro-
moter [57], but the level of its product, 7a-hydroxychole-
sterol, remained unchanged [124].

The overall effect of PPARa agonists on LXR signaling
may thus be variable depending on the level of LXRs and
PPARw and their coactivators in a given cell, the type, dose,
and time of administration of PPARa agonist, and the target
gene(s) of interest. For example, at least two studies [6,29]
have demonstrated that PPAR agonists stimulate ABCA1
expression in cultured macrophages. On the other hand, the
observation that fenofibrate blocks the effect of T0901317
on SREBP-1c, but not on ABCA1 [164], suggests that co-
administration of fenofibrate might be useful in preven-
ting lipogenesis induced by LXR agonists. Indeed, cotre-
atment with fenofibrate or Wy 14643 and T0901317 caused
a synergistic elevation of HDLs, but attenuated T0O901317-
induced hypertriglyceridemia and hepatic steatosis. This
effect was partially mediated by PPARo-induced oxida-
tion of fatty acids in liver peroxisomes [12]. Thus a dual
LXR/PPAR« agonsits may have a more beneficial phar-
macological profile than pure LXR stimulators.

9.3. Thiazolidinediones

Thiazolidinediones (rosiglitazone, pioglitazone, and cigli-
tazone) are specific agonists of PPARY and are used to im-
prove insulin sensitivity in patients with type 2 diabetes.
Similarly to PPARQ, the relationship between PPARY and
LXR signaling is complex and the overall effect of PPARY
agonists on LXR target genes may be variable. However,
most studies suggest that thiazolidinediones stimulate LXR
signaling and a part of their beneficial effects may thus be
mediated by an LXR-dependent pathway. First, PPARYy ago-
nists increase the expression of LXRa both in vitro [71]
and in vivo [187]. Consequently, pioglitazone and rosigli-
tazone increased ABCA1 expression and cholesterol efflux
from cultured THP-1 macrophages [71]. Apart from mo-
dulating LXR expression, PPARY agonists may influence
oxysterol formation. Rosiglitazone and pioglitazone up-
regulated CYP27 and increased 27-HC and cholestenoic
acid formation in primary and cultured human macropha-
ges [102,128,153]. Rosiglitazone increased the expression
of the LXR target genes ABCA1 and ABCG1 and this ef-
fect was not observed in cells obtained from patients with
cerebrotendinous xanthomatosis, suggesting that it resul-
ted from stimulation of LXR by CYP27-derived 27-HC
[153]. The effect of thiazolidinediones on other LXR-ac-
tivating oxysterols has not been studied so far.

Thiazolidinediones induce sodium and water retention in
some patients. In addition, increased plasma renin activi-
ty and aldosterone level were reported in patients treated
with these drugs [192]. Given the stimulatory effect of
PPARY on LXR signaling, it would be of interest to exa-
mine if LXR-induced renin secretion is involved in the flu-
id-retaining effect of thiazolidinediones.

9.4. Other drugs

The observations that n-3 and n-6 polyunsaturated fatty acids
are LXR antagonists [120,191] suggest that a well-known
hypotriglyceridemic effect of unsaturated fatty acids may be
associated with inhibiting LXR-induced lipogenesis. This
hypothesis is supported by the observation that n-3 PUFAs
have no effect on HDLs, while most triglyceride-lowering
therapies, such as weight loss, physical exercise, or fibrates,
increase HDLs. It is possible that in the case of n-3 PUFAs,
the tendency toward increased HDLs associated with lowe-
ring triglycerides is counterbalanced by inhibition of LXR
signaling, which tends to reduce the HDL level.

Resveratrol, one of the most common flavonoids in red
wine, increases LXRa expression dose- and time-depen-
dently in cultured human macrophages, which is accompa-
nied by stimulation of ABCA1, ABCG], and apo-E levels
[140]. Recently, Xia et al. [189] demonstrated that anthocy-
anins, pigments naturally occurring in the plant kingdom,
increase the expression of LXRo by stimulating PPARY
in mouse peritoneal macrophages.

CYP3A4, involved in the formation of 4B-hydroxychole-
sterol, is a drug-induced CYP isoform. It was demonstrated
that treatment with certain antiepileptic drugs such as car-
bamazepine, phenobarbital, or phenytoin, increased the pla-
sma concentration of 43-hydroxycholesterol up to 20-fold,
whereas these drugs had no effect on nonenzymatically
formed 4a-hydroxycholesterol [17]. In contrast, valproic
acid, which does not activate CYP3A4, had no effect on
4B-hydroxycholesterol level. Interestingly, ursodeoxycho-
lic acid, which is used in the treatment of gallstones, also
induces hepatic CYP3A4 and increases plasma 43-hydro-
xycholesterol by about 50% [17]. It remains to be establi-
shed if the changes in 4p-hydroxycholesterol induced by
these drugs cause overactivation of LXR. However, some
studies indicate that chronic treatment with CYP3A-indu-
cing antiepileptics results in the elevation of plasma trigly-
ceride and HDL-cholesterol levels [22].

10. ConcLusions AND Future PERSPECTIVES

The identification of LXRs allowed us to understand many
aspects of cholesterol metabolism. However, despite multi-
ple experimental studies performed during the last decade,
many issues still remain elusive. First, it is unclear what the
specific targets for LXRo and LXR are and what the phy-
siological role of such receptor redundancy is. Synthetic
agonists selective for each isoform may be helpful in reso-
Iving this problem. However, synthetic LXR agonists differ
from natural ones in that they are more potent and do not
have some LXR-independent effects characteristic of oxy-
sterols. Therefore, results obtained with compounds such
as T0901317 may be misleading. Unfortunately, in vivo stu-
dies with natural LXR ligands are extremely difficult be-
cause oxysterols are rapidly metabolized and at high con-
centrations have many toxic effects.

Although there are many potential applications for LXR
ligands as therapeutic agents (Table 3), no studies so far
have addressed the effect of such agonists in humans. Most
experiments were performed in mice and were relatively
short lasting; agonists such as T0901317 and GW3965 were
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Table 3. Therapeutic implications of LXR ligands

Diseases in which LXR agonists may be Metabolic disorders

helpful « Low plasma HDL level
« Diabetes mellitus*

« Niemann-Pick type C disease

Cardiovascular diseases

« Atherosclerosis*

« Restenosis after angioplasty
Inflammatory and autoimmune disorders

« Rheumatoid arthritis*

« Asthma, COPD

« Multiple sclerosis*
« Sepsis®

Skin diseases

« Allergic dermatitis*

- Epidermopathy of prematurity*

« Psoriasis
Other conditions
- Infertility

« Impaired uterine contractility

« Alzheimer's disease®

- (ancer*

« Hepatoprotection in severe cholestasis*

Potential side effects of LXR agonists « Hypertriglyceridemia and elevation of LDL
« Liver steatosis and damage
« T Fat storage in adipose tissue ?

« Lipotoxicity

« Pancreatic B-cell damage
« Increased renin synthesis

- Reduced invasiveness of cytotrophoblast cells (? impaired conceptus implantation, reduced
placental perfusion, preeclampsia)
« Reduced h(G production (? 7 risk of abortion)

Diseases in which LXR antagonists maybe ~ « Hypertriglyceridemia

helpful « Liver steatosis

«Adrenoleukodystrophy

* Diseases, in which the beneficial effect was demonstrated in vivo in experimental animals.

rarely administered longer than a week. Therefore, the po-
tential long-term side effects remain to be recognized. The
widespread expression of LXRs in most tissues suggests
that such effects are very likely (Table 3). Moreover, there
are multiple differences between LXR targets in mice and
humans. In contrast to mice, human CYP7AI is not regu-
lated by LXR. On the other hand, human, but not mouse,
LXRa is autoregulated by its own agonists; therefore, any
effect of such agonists will be amplified in humans. Human
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