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Abstract—Normally macrophages localized in the arterial vessel wall perform the “reverse transfer” of cholesterol, which
includes endocytosis of low density lipoproteins (LDL), cholesterol transfer to newly formed high density lipoprotein par-
ticles, and their following elimination by the liver. The homeostatic function of macrophages for cholesterol involves a sys-
tem of lipid sensors. Oxysterol sensors LXRs, oxysterol and cholesterol sensors INSIG and SCAP acting through controlled
transcription factors SREBP, as well as sensors for oxidized fatty acids and their derivatives, PPAR, are the best studied.
Activation of LXR and PPAR is also accompanied by inhibition of macrophage functions related to inflammation.
Accumulation of oxidized and otherwise modified LDL in the subendothelial space induced by endothelium injury, infec-
tion, or other pathogenic factors instead of stimulation of the homeostatic functions of macrophages leads to their weaken-
ing with a concurrent increase in the inflammatory potential of these cells. These shifts seem to drive the transformation of
macrophages into foam cells, which form the core of sclerotic plaques. The intervention of another lipid sensor, TLR4, can
trigger such a radical change in the functional activity of macrophages. The interaction of modified LDL with this signal-
ing receptor results in inhibition of the homeostatic oxysterol signaling, induction of additional LDL transporters, and acti-
vation of the phagocytic function of macrophages. The re-establishment of cholesterol homeostasis under these circum-
stances can be achieved by administration of LXR and PPARy agonists. Therefore, it is urgent to design ligands with reduced

side effects.
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Atherogenesis is a complex of events in the wall of
large arteries finally resulting in formation of a lipid
plaque, which in the case of an unfavorable scenario of
further development can promote formation of a throm-
bus with ischemia of the corresponding tissues. According
to hypotheses of “response to damage” [1] and “response
to retention” [2], primary lipid streaks appear after a
damage of the endothelium (provoking factors are smok-

Abbreviations: HDL, high density lipoproteins; HMGR, 3-
hydroxy-3-methylglutaryl-CoA-reductase; HNFE, hepatocyte
nuclear factor; INSIG, product of the insulin-induced gene;
LDL, low density lipoproteins; LDLR, LDL receptor; LPL,
lipoprotein lipase; LRP, LDLR related protein; LXR, liver X-
receptor; M-CSF, macrophage colony-stimulating factor;
ORP, OSBP related protein; PPAR, peroxisome proliferator-
activated receptor; ROR, retinoid acid receptor-related orphan
receptor; SCAP, SREBP cleavage activating protein; SRE,
sterol-responsive element; SREBP, sterol-responsive element-
binding protein; TLR, Toll-like receptor; VLDL, very low den-
sity lipoproteins; VLDLR, very low density lipoprotein recep-
tor.

ing, atherogenic diet, heredity, high arterial pressure,
infection). This results in activation of the endothelium
and increase in the expression of adhesion molecules that
promotes the infiltration of atherogenic lipoproteins and
entrance of monocytes and T-cells into the subendothe-
lial space. Under the influence of the macrophage
colony-stimulating factor (M-CSF) secreted by the
endothelium and smooth muscle cells, monocytes are
differentiated into macrophages with the prevalent phe-
notype of MI1. Accumulation of lipids activates
macrophages and converts them into foam cells. Smooth
muscle cells migrate into the intima and acquire the pro-
liferative phenotype with expressed growth factors and
adhesion molecules that promotes the retention of the
migrating macrophages and T-cells in the intima [3].
Macrophages localized in the vascular wall perform a
double function. First, these cells are important contrib-
utors to the immune response, both innate and adaptive,
to endothelium damage. If the damage is caused by a bac-
terial infection, the interaction of bacterial cell
lipopolysaccharide with the signaling Toll-like receptor
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(TLR4) activates the phagocytic, antigen-presenting, and
cytokine-producing functions of macrophages. Second,
macrophages are the most important elements of normal
and pathological lipid metabolism. A small number of
macrophages in the intact vascular wall provides for
reverse transport of cholesterol from normal low density
lipoproteins (nLDL) into the liver to be utilized and
excreted. If modified LDL (mLDL) is accumulated in the
subendothelial space, macrophages become unable to
perform this function, begin to intensively accumulate
lipids, and transform into foam cells. The interaction
with mLDL increases the inflammatory potential of
macrophages and, by contrast, inflammatory stimuli
inducing production of reactive oxygen species by
macrophages (a form of defense against infection) induce
an increased production of mLDL in the vascular wall,
thus generating a vicious circle of inflammation—lipid
accumulation. Thus, lipid metabolism in macrophages of
the vascular wall plays the main role in the development
of atherosclerosis, and knowledge of the lipid signaling
pathways is important for creating efficient tools for com-
bating this common pathology.

LIPID SIGNALING
UNDER NORMAL CONDITIONS

The term “sensor” denotes a protein or a protein
complex directly interacting with a lipid and/or lipopro-
tein and transmitting a signal about this interaction to
effector systems. Lipoprotein receptors, scavenger recep-
tors of the plasma membrane, intracellular membrane
proteins, and transcription factors of the nuclear receptor
family can act as sensors. The majority of data presented
concern lipid signaling in macrophages, but many ele-
ments of this signaling function in other cells of the vas-
cular wall and also in other tissues involved in lipid
metabolism. In the present review the term “lipid signal-
ing” is applied only to signaling initiated by lipids not
specialized for signaling function. The signaling that
involves specially synthesized signaling lipids, such as
eicosanoids, endocannabinoids, and sphingolipids, is
beyond the scope of this review.

In an intact vascular wall a small population of
macrophages (mainly with the M2 phenotype) eliminates
nLDL that enter into the subendothelial space by captur-
ing these particles and their components (triglycerides,
phospholipids, free and esterified cholesterol), metabo-
lizing them and transporting free cholesterol on newly
produced particles of high density lipoproteins (HDL)
that are then transferred into the liver by the blood flow.
The nLDL are also captured otherwise, either by recep-
tor-mediated (saturated uptake) or by receptor-unmedi-
ated (pinocytosis, unsaturated uptake) pathways [4]. The
receptor-mediated capture involves the LDL receptor
(LDLR), the very low density lipoprotein receptor
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(VLDLR), and partially some scavenger receptors via
endocytosis of lipoprotein—receptor complexes. This cap-
ture is promoted by a preliminary hydrolysis of LDL
triglycerides by lipoprotein lipase (LPL) expressed by
macrophages and localized on their surface. LPL can also
form a triple complex with lipoprotein and its receptor
that is favorable for endocytosis. In addition to transport-
ing lipoproteins into the cell, LDLR and VLDLR also
seem to perform a signaling function due to their ability
to interact with the adaptor protein Dab1. The role of this
signaling for lipid metabolism, in particular in
macrophages, remains unclear.

A multifunctional LDLR-related protein 1 (LRP-1)
is also responsible for endocytosis of lipids containing
apolipoprotein E (apoE) and acts as a signaling receptor
for these ligands [5, 6]. The larger than in LDLR and
VLDLR intracellular domain of the LRP group proteins
is responsible for the interaction of LRP with a signifi-
cantly broader spectrum of adaptor proteins and trans-
mission of signals through additional pathways [4].
Experiments with LRP-1 gene deletion in macrophages
and smooth muscle cells have revealed its atheroprotec-
tive activity, which requires the signaling function of
LRP-1 [7]. LRP-1 of macrophages was also shown to
facilitate oxidation of LDL under the influence of 12/15-
lipoxygenase [8].

Scavenger receptors CD36 (fatty acid translocase),
SR-A (scavenger receptor A), LOX-1 (a lectin-like recep-
tor of oxidized LDL), and some others provide for endo-
cytosis of mLDL, especially oxidized ones. The signaling
function can also be performed by lipid components of
mLDL and mLDL themselves as ligands of scavengers.
Because production of mLDL mainly occurs under
pathologic conditions, data on mLDL signaling mediated
through scavenger receptors will be considered in the sec-
tion concerning the lipid signaling in disease.

Upon entrance into the cell within endosomes, LDL
undergo further degradation accompanied by release of
fatty acids, phospholipids, free cholesterol, and its esters.
Polyunsaturated fatty acids, e.g. arachidonic acid, and
products of partial oxidation of fatty acids, such as
hydroxyeicosatetraenic acids, possess signaling features as
ligands of transcription factors PPARs (peroxisome pro-
liferator-activated receptors) of the nuclear receptor
class. PPARs are involved in the control of the transcrip-
tion activity of genes associated with lipid metabolism
including biosynthesis and degradation of fatty acids.
Polyunsaturated fatty acids (o3 and ®6) and their
hydroxy derivatives (15-hydroxyeicosatetraenic acid (15-
HETE) and 13-hydroxyoctadecadienic acid (13-
HODE)) can also be agonists of another nuclear receptor,
testicular receptor 4 (TR4), which, in particular, mediates
the stimulatory effect of these compounds on expression
of the scavenger receptor CD36 with the corresponding
acceleration of production of foam cells and atherogene-
sis [9]. y-Linoleic acid and other unsaturated fatty acids
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(from 16:1 to 20:4) also can stimulate expression of the
anti-atherogenic apolipoprotein E (ApoE) through TR4
[10].

Functioning as a sensor of fatty acids of the hepato-
cyte nuclear factor 4o (HNF4a), which is another tran-
scription factor of the nuclear receptor class, is still under
question. This factor is involved in the control of tran-
scription of a broad variety of genes including those asso-
ciated with lipid metabolism [11]. Information about
potential ligands, mechanisms of their interaction with
HNF4a, and consequences of this interaction have been
published [11-14].

Cholesterol esters, cholesterol itself, and also prod-
ucts of its partial oxidation to oxysterols, which act as lig-
ands of some intracellular sensors, seem also to possess
signaling features. The first group of oxysterol sensors
includes two isoforms (a and P) of liver X-receptor
(LXR), which is another transcription factor of the
nuclear receptor class. The LXR-controlled genes are
associated first of all with cholesterol metabolism and also
with fatty acid metabolism.

Members of the second group of oxysterol sensors
localized in the endoplasmic reticulum are pairs of mutu-
ally interacting proteins — SCAP (the SREBP (sterol-
responsive element-binding protein) cleavage activating
protein) and INSIG (product of the insulin-induced
gene). SCAP and INSIG mediate negative effects of cho-
lesterol and oxysterols, respectively, on activities of tran-
scription factors SREBP-1 and SREBP-2, inhibiting
their activation during the limited proteolysis of their pre-
cursors in the endoplasmic reticulum and Golgi complex.
This inhibition includes stimulation by SCAP or by
INSIG ligands of the interaction between these proteins,
which is responsible for retention of the SREBP precur-
sors in the endoplasmic reticulum [15]. SREBP-1 and
SREBP-2 are involved in the regulation of genes mainly
associated with the metabolism of fatty acids and choles-
terol, respectively. 24(S),25-Epoxycholesterol acts as a
common ligand of LXR and SCAP/INSIG. This oxy-
sterol is unique by its generation concurrently with cho-
lesterol as a result of de novo biosynthesis from the com-
mon precursor 2,3(S)-monooxidosqualene. Via suppres-
sion of SREBP precursor processing in the endoplasmic
reticulum, 24(S),25-epoxycholesterol inhibits expression
of LDLR and thus decreases the entrance of exogenous
cholesterol into the cell and also inhibits expression of the
cholesterol biosynthesis limiting factor 3-hydroxy-3-
methylglutaryl CoA-reductase (HMGR) that decreases
de novo cholesterol biosynthesis. Via activation of LXR,
24(S),25-epoxycholesterol also stimulates expression of
the cholesterol transporter ABCAI providing for acceler-
ated export of cholesterol from the cell [16].

INSIG is also involved in a rapid negative regulation
of HMGR. Sterols stimulate formation of INSIG/
HMGR complexes that undergo ubiquitinylation and
proteasomal degradation [17, 18].
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Cholesterol was detected in the ligand-binding
pocket of the purified recombinant retinoic acid recep-
tor-related orphan receptor o (RORa) [19], and RORa
could efficiently bind cholesterol sulfate [20]; therefore,
it was suggested that this transcription factor of the
nuclear receptor family could also serve as a sterol sensor.
RORa and LXR inhibit the in vitro effects of each other
on expression of some genes associated with lipid metab-
olism [21]; however, the in vivo deficiency of both types of
receptors has the same consequence — a predisposition
for development of atherosclerosis [22]. There are no
data on the functional significance of sterol binding to
RORo..

Other proteins can also act as oxysterol sensors. In
particular, oxysterols and synthetic LXR ligands are
shown to somehow influence hedgehog signaling [23, 24].
Although the significance of hedgehog for functioning of
mature macrophages under normal conditions is un-
known, hedgehog signaling in macrophages has been
shown to prevent the development of atherosclerosis [25].

The amyloid precursor protein (APP) probably acts
as a cholesterol sensor. It is suggested that due to interac-
tion with cholesterol within the membrane, this protein
undergoes proteolytic processing with generation of pep-
tide products that inhibit expression of the LRP1 gene
and HMGR activity [26].

The oxysterol-binding protein (OSBP) seems to
react to the cholesterol/oxysterol balance in the cell.
Cholesterol binding to OSBP through the associated pro-
tein phosphatase and extracellularly regulated kinase
(ERK) is shown to influence the activity of SREBP and of
the genes controlled by it [27, 28].

It seems that OSBP related proteins (ORP) also can
act as cholesterol sensors. In particular, ORPS8 expressed
in macrophages and specifically binding 25-hydroxycho-
lesterol can inhibit expression of the ATP-binding cas-
sette transporter ABCAIl of cholesterol through an
unclear mechanism [29]. However, the modulating func-
tion of cholesterol has not been demonstrated in this case.
ORP2 can interact with 25- and 22(R)-hydroxycholes-
terols, 7-ketocholesterol, and cholesterol. Based on
experiments with ORP2 knockdown, this protein is sup-
posed to be involved in the coupling of cholesterol with
the metabolism of neutral lipids [30].

The scavenger receptor BI (SR-BI) is also suggested
to function as a cholesterol sensor. The SR-BI expressed
on the macrophage plasma membrane can interact with a
cholesterol acceptor (HDL) and serves as an element of
the cholesterol reverse transport system. In particular, the
SR-BI signal is closed on activating endothelial nitroxide
synthase [31].

Interaction of lipid ligands with the majority of the
abovementioned sensors is accompanied by homeostatic
reactions supporting the lipid content in the cell at a sta-
tionary level. The free cholesterol content in the cell is
especially controlled because excess of cholesterol itself
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and of its oxidized derivatives is cytotoxic and, in partic- Accumulation of cholesterol and its oxidized deriva-
ular, induces apoptosis [32, 33]. Major components of tives in the cell is accompanied by inhibition of choles-
systems of cholesterol entrance into the cell, its storage, terol entrance from outside due to decrease in the expres-
mobilization, and reverse transport are presented in  sion of LDLR; suppression of de novo cholesterol biosyn-
Scheme 1. thesis, in particular, due to accelerated degradation of
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HMGR and decrease in its expression on the transcrip-
tion level; the prevalence of generation and storage in
lipid droplets of cholesterol esters compared to their
hydrolysis due to reciprocal regulation of acyl-coenzyme
A:cholesterol acyltransferase (ACAT) and cholesterol
ester hydrolase (CEH) activities; an accelerated elimina-
tion of cholesterol and oxysterols from the cell due to
increased activities of the cassette ATP-binding trans-
porters Al and G1 (ABCA1, ABCG1) and expression of
accessory proteins, of the scavenger receptor SR-BI
(responsible for bringing together the cholesterol trans-
porter ABCAIl with its acceptor HDL;), and of
apolipoprotein E (apoE) increasing the capacity of the
acceptor. Paradoxically, the capture of cholesterol esters
from HDL;by cells increases concurrently with accelera-
tion of cholesterol reverse transport [34].

LXR: at the center of homeostatic lipid signaling.
LXRa and LXR} are transcription factors of the nuclear
receptor class that act as permissive heterodimers with
retinoid X receptors (RXR, isoforms a, B, y, of the
nuclear receptor class). LXRa is mainly expressed in cells
involved in lipid metabolism (liver, adrenal cortex, intes-
tine, adipose tissue, macrophages) and also in lungs and
kidneys; LXR} is distributed more widely. In a typical
case LXR/RXR heterodimers interact with hormone-
responsive elements (LXRE) of the regulated genes repre-
sented by direct hexanucleotide repeats (consensus
AGGTCA) with the four-member spacer (DR4). No
consensus LXRE were found in some oxysterol-repressed
genes. It seems that transrepression can occur without a
direct interaction of LXR with DNA.

The functional significance of in vivo oxysterol sig-
naling through LXRa. is shown in mice with LXRo gene
knockout: these animals fed with cholesterol-enriched
diet manifested a rapid accumulation of cholesterol in the
liver mainly because of inability of oxysterols to induce
the expression of cytochrome CYP7A, which is a limiting
enzyme of bile acids biosynthesis from cholesterol [35].
In the regulatory region of the CYP7A gene of mice and
rats, several LXRE are found that are absent in the human
gene, and this explains the species-related differences in
tolerance to cholesterol excess [36]. The functioning of
LXR in oxysterol regulation of cholesterol reverse trans-
port from peripheral tissues into the liver is similarly
important for cholesterol metabolism in the whole organ-
ism. LXR ligands stimulate expression of cholesterol
reverse transport components (Scheme 1) and thus
increase HDL content. Moreover, LXR ligands also
inhibit absorption of alimentary cholesterol in the intes-
tine [37]. Note that contributions of LXR isoforms to reg-
ulation of cholesterol metabolism can vary depending on
the genetic background and with alimentary cholesterol
load. Under conditions of normal cholesterol entrance no
changes in cholesterol metabolism were recorded in
LXRo(—/—) mice, which indicated a compensation of
LXRa insufficiency due to functioning of LXR}.
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However, in the case of concurrent insufficiencies of
LXRa and apoE (disorders in peripheral production of
HDL and in their capture by the liver) and under condi-
tions of cholesterol load, LXRJ} became unable to fit the
need in the regulation, and cholesterol accumulation in
the peripheral tissues significantly increases accompanied
by development of atherosclerosis. In such a situation
injection of synthetic ligands of LXR attenuates these
symptoms [38].

In addition to organization of autoregulation of cho-
lesterol metabolism, LXR provides for relations between
cholesterol content and other types of metabolism [39].
LXR ligands induce accumulation of triglycerides in the
liver and triglyceridemia due to stimulation of biosynthe-
sis of fatty acids [40]. This effect includes both the direct
effect of LXR on the fatty acid synthase gene promoter
and induction of expression of SREBP-Ic, which also
activates the fatty acid synthase gene [41]. LXR ligands
also increase glucose tolerance, acting on hepatocytes
(suppression of gluconeogenesis, stimulation of glucose
utilization), adipocytes (stimulation of GLUT4), and on
B-cells of the pancreas (stimulation of glucose-induced
secretion of insulin) [39]. In the absence of LXR the
intensity of energy metabolism increases [42].

There are some pathways for regulating the tran-
scription activity of LXR: a synergic activation by ligands
of both partners of the LXR/RXR heterodimer, i.e. by
oxysterols and 9-cis-retinoic acid; regulation of the LXR
content in the cell on the LXRa gene level; modulation of
the interaction of LXR with coregulators through sumo-
ylation; and a selective modulation of the activity via
phosphorylation.

According to X-ray crystallographic analysis, the lig-
and-binding pockets of LXRa and LXRp are virtually
identical. Experiments with mutagenesis and docking
have shown that the role of the major determinant on the
interaction of the ligand with LXR is played by the oxy-
sterol hydroxyl in positions 22(R), 24(S), or 27, which
acts as a proton acceptor from amino acid residues H421
and W443 LXRa. This interaction is supposed to stabilize
an active conformation of the 12th a-helix of the recep-
tor ligand-binding domain corresponding to activating
function 2 (AF2). The oxysterol hydroxyl in position 3
seems to form the hydrogen bond through R305 or direct-
ly with E267 of the receptor. This interaction increases
the efficiency of ligands but does not play the main role
for manifestations of the biological activity. The above-
mentioned arginyl R305 is important also for the interac-
tion of the receptor with antagonistic fatty acids. Other
amino acids lining the pocket are involved in hydropho-
bic interactions with the oxysterol ligand [43].

Oxysterols can enter the organism as constituents of
food products. Moreover, oxysterols are generated
endogenously as a result of enzymatic or nonenzymatic
oxidation of cholesterol or its precursors. Major blood
oxysterols (mainly as LDL components) include 7-keto-
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and 7B-hydroxycholesterol [44]. However, these oxy-
sterols have low affinities for LXR [45]. The content of
oxysterols determining the transcription activity of LXR
depends on the import into the cell of exogenous chole-
sterol; on endogenous cholesterol biosynthesis de novo;
on the entrance of oxysterols as constituents of modified
(oxidized) lipoproteins; on the level of reactive oxygen
species in the cell; on activities of P450 cytochromes
hydroxylating cholesterol at positions 22, 24, and 27; on
activities of enzymes modifying the oxysterol structures
(e.g. CYP7A1 promoting oxysterol conversion into bile
acids in the liver, sulfotransferases or UDP glucuronosyl
transferases catalyzing formation of oxysterol conjugates
with sulfuric and glucuronic acids, and steroid sulfatases
and glucuronidases hydrolyzing these conjugates); and
also on activities of transporters of oxysterols and their
derivatives.

The regulatory significance of formation of the oxy-
sterol conjugates for the LXR-mediated signaling can be
illustrated by sulfation. Sulfation of 24-hydroxycholesterol
is catalyzed by three isozymes of human sulfotransferase
(SULT2A1, SULT1EI, and SULT2B1b) with production
of 3- and 24-monosulfates and 3,24-disulfate of 24-
hydroxycholesterol [46]. The ester bond of sulfate in posi-
tion 3 can be hydrolyzed by steroid sulfatase, whereas a
similar bond in position 24 is resistant to the enzyme. Both
3- and 24-sulfation of 24-hydroxycholesterol result in the
loss of its agonistic activity and arising of an antagonistic
activity with respect to LXR; efficiencies of 3- and 24-sul-
fates of 24-hydrocholesterol as antagonists (IC5, = 0.15
and 0.31 uM) are about an order of magnitude higher than
the agonistic activity of the initial oxysterol (ECs, =
1.99 uM). Obviously, inhibition of oxysterol signaling in
lymphocytes under the influence of proliferative stimuli
via induction of SULT2B1b [47] includes not only elimi-
nation of LXR agonists but also accumulation of antago-
nists. Induction of SULT2B1b expression by LXR ligands
in human keratinocytes [48] indicates that this sulfotrans-
ferase can act as a component of the system of autoregula-
tion of cholesterol metabolism. 25-Hydroxy-cholesterol-
3-sulfate also can act as an LXR antagonist. In the THP-
1 line of human macrophages, this compound suppresses
effects of its biosynthetic precursor 25-hydroxycholesterol
on lipid metabolism through the LXR-SREBP axis [49].

Protein phosphorylation is another mechanism for
regulating LXR activity. The site S198 located in the
hinge region of LXRa is preferentially phosphorylated in
macrophages. The phosphorylation is stimulated by LXR
ligands and suppressed by 9-cis-retinoic acid, which is a
ligand of the heterodimerization partner. Casein kinase 2
seems to act as an effector kinase, and the content of its
subunit 3 in the cell nucleus is reciprocally regulated by
LXR and RXR ligands. Biological consequence of LXRa
phosphorylation is a differentiated decrease in the effi-
ciency of the stimulating effect of LXR ligands on tran-
scription of some of the regulated genes (LPL, the
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chemokine CCL24, AIM (apoptosis inhibitor expressed
in macrophages)) but without influencing the activation
of transcription of other regulated genes (ABCAI,
ABCG1, SREBP-Ic, PLTP (phospholipid transfer pro-
tein)). The phosphorylation of LXRa is supposed to pre-
vent detachment of the NCoR corepressor from the
LXR/RXR dimer and attachment of the coactivator. This
mechanism can be a form of self-limiting of the oxysterol
effects on the cell [50].

The transrepressor action of LXR on proinflamma-
tory genes also including NCoR is activated by LXR
sumoylation. In primary macrophages and their line
RAW264.7, LXR ligands stimulate the interaction of
LXRa and LXRB with the promoter region of the
inducible nitroxide synthase (iNOS) gene and inhibit the
release of NCoR and increase in LPS-induced promoter
activity. These effects of LXR ligands depend on activities
of the sumoylation enzymes Ubc9 (E2-conjugating
enzyme) and HDAC4 (E3-ligase). Similar results were
obtained for the MCP-1 gene. The ligand-dependent
sumoylation of LXRp occurs at lysine residues 410 or 448
in the ligand-binding domain, and substitution of these
residues by arginyl inhibits the transrepressor effect of
LXR ligands on iNOS and MCP-1 but does not influence
the transactivating effect of LXR on the gene ABCAI pro-
moter. Similar results were obtained for LXRa.. Note that
22(R)-hydroxycholesterol, 24(S),25-epoxycholesterol,
and 24-hydroxycholesterol caused transrepression of
iNOS and activation of ABCAI1, whereas 25- and 27-
hydroxycholesterols displayed only an activating effect on
ABCAL. Thus, oxysterol agonists of LXR are different in
the transrepressor activity and, consequently, the
inhibitory effect of oxysterols on expression of proinflam-
matory proteins can vary depending on the pathways of
oxysterol generation. The transrepressor effect of LXR
ligands can depend on the nature of the stimulus activat-
ing the gene [51]. Other pathways of transrepression
mediated by the ligand-dependent sumoylation of LXR
also seem to exist. Thus, in astrocytes the LXR sumoyl-
ation prevents binding of the activated STAT1 to promot-
ers of proinflammatory genes induced by interferon 7.
The inhibition includes interaction of LXR and LXRa
with complexes of SUMO ligases, PIAS1 and HDAC4,
respectively, and phosphorylated STAT1 [52].

LXR activity is also regulated through modulation of
LXR gene activities. LXRa expression is induced both in
vivo and in vitro in different cells including macrophages
by their own agonists, whereas the LXR[ expression is
resistant to LXR agonists. The effect of LXR on the
human gene LXRa is mediated by LXRE in the 5'-regu-
latory region (—4139/—4115 nucleotide pairs) [53, 54].
LXRp expression is also resistant to some other factors
influencing the LXRa content [55].

For elucidation of the regulatory role of lipids in
atherogenesis, a presence of a positive PPAR-responsive
element (PPRE) in the 5'-regulatory region of the LXR«
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gene is important [56]. Ligands of PPARa and PPARy
accelerate the reverse transport of cholesterol from
macrophages partially due to induction of LXRa., expres-
sion, and PPARYy insufficiency in macrophages promotes
atherogenesis [57, 58].

The main pathways of LXR-mediated regulatory
effect of oxysterols on gene expression are presented in
Scheme 2.

SREBP: threshold switches. SREBP-Ic and
SREBP-2 are transcription factors, and their activities
are suppressed on the post-translational level by choles-
terol and oxysterols, which inhibit the proteolytic pro-
cessing of the precursors in the endoplasmic reticulum
and Golgi complex. The inhibitory system functions
according to the “all or none” principle with the thresh-
old value depending on expression of sterol sensors SCAP
and INSIG [59]. In the absence of such inhibition, i.e.
when the free cholesterol content in the endoplasmic
reticulum is below the threshold value, regulation of the
SREBP activities is mainly determined by intensities of
transcription of their genes.

Lipids including fatty acids and oxysterols are
important regulators of expression of the SREBP genes. A
tandem of LXR-response elements that mediate the stim-
ulating effect of oxysterols on the SREBP- Ic expression is
found in the 5’-regulatory region of the mouse SREBP-Ic
gene [60, 61]. These regulatory elements can also mediate
the inhibitory effect of PPAR ligands on the gene expres-
sion [62]. Ligands of PPARa/Bd/y can influence the level
of the active nuclear form of SREBP, directly and indi-
rectly inducing expression of the INSIG-1/2 genes
through PPRE in the 5'-regulatory region of the INSIG
gene [63, 64]. The importance of this pathway of regula-
tion of SREBP-2 activity by fatty acids is indicated by the
absence of a hypocholesterolemic effect of eicosapen-
taenic acid in mice with PPARa gene knockout [65].
Within the INSIG-1 gene a sterol-responsive element
(SRE) is also found that provides for functioning of the
negative feedback in the system of SREBP activation. On
using a reporter construct with the INSIG-1 promoter,
the nuclear form of SREBP-1¢ (nSREBP-1c¢) stimulated
transcription more efficiently than nSREBP-2 [66]. SRE
found in the proximal region of the SREBP-1 gene pro-
moter provides for positive feedback between SREBP
activity and biosynthesis of its precursor [67]. It seems
that this regulatory element is necessary for compensating
the depletion in the precursor content during its process-
ing to nSREBP. A similar system of autoregulation has
also been found for expression of the SREBP-2 gene. This
system is activated on a decrease in the endogenous
biosynthesis of cholesterol (and oxysterols) [68].

The transcription activity of SREBP can be also reg-
ulated by other mechanisms. Thus, growth factors stimu-
late the activating phosphorylation of nuclear forms
SREBP-1a [69] and SREBP-2 [70] through protein kinas-
es ERK1/2. Inhibition of the attachment of SUMO to
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adjacent lysine residues can be a mechanism of positive
influence of phosphorylation on SREBP activity.
Sumoylation of SREBP recruits the histone deacetylase 3
(HDAC3)-containing corepressor complex, which
inhibits transcription of the controlled genes [71] (Scheme
3a). It seems that the physiological purpose of this regula-
tory system is provision of proliferating cells with lipids.
As mentioned above, SREBP isoforms are different
in preferential transcriptional regulation of steroidogenic
and lipogenic enzymes and proteins. This is due to the
presence of several types of regulatory elements available
for interaction with SREBP. The classical sterol-respon-
sive element (SRE) ATCACCCCAC or its variant (SRE3)
CTCACACGAG are specific for genes involved in the
control of cholesterol biosynthesis (3-hydroxymethyl glu-
taryl-CoA synthase, 3-hydroxy-3-methylglutaryl-CoA
reductase, farnesyl diphosphate synthase, squalene syn-
thase), and also that of SREBP-1c, SREBP-2, and
LDLR. These regulatory elements are usually located
close to the binding sites of the transcription factors Spl
and NF-Y. SRE-like elements and palindromic E-blocks
ATCACGTGAT or E-block-like sequences capable of
interacting with SREBP are detected in the regulatory
regions of the liposynthesis controlling genes (acetyl-CoA
carboxylase, ATP-citrate lyase, fatty acid synthase,
stearoyl-CoA desaturase-1 and -2, glycero-3-phosphate
acyltransferase, acyl-CoA-binding protein, S14, malic
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enzyme, glucose-6-phosphate dehydrogenase). These
elements can also confer carbohydrate or insulin effects
on transcription. Experiments with reporter constructs
containing the corresponding promoters revealed the
selectivity of SREBP isoforms relative to different regula-
tory elements [72]. This finding explains the results of
experiments with knockout of SREBP isoforms [73] and
expression of their transgenes [74, 75].

SREBP activity can be regulated on the posttransla-
tional level by oxysterols through the anchor proteins
INSIG-1 and -2. The interaction of oxysterols with these
proteins has not been analyzed in detail. Cholesterol
derivatives with oxidized side chain, such as 25-, 22(R)-,
24(S)-, 27-hydroxycholesterols, and 24(S),25-epoxycho-
lesterol are efficient INSIG ligands. Cholesterol deriva-
tives with the oxidized ring B, 7a.- and 7p-hydroxycholes-
terols, and 7-ketocholesterol have low affinities for
INSIG [15]. Overall, the ligand specificity of INSIG is
similar to the specificities of LXRa and LXRp [45, 76].

PPAR: mysteries remain. Nuclear PPAR receptors
(a, B/d, v) of fatty acids as heterodimers with retinoid X
receptors (RXR) interact with PPAR-response elements
(PPRE) of the controlled genes, which are direct repeats
with a spacer of one nucleotide pair (DR-1). The PPRE
consensus sequence AGGTCAaAGGTCA provides for
efficient binding of all three PPAR isotypes. Combina-
tions of nucleotide substitutions lead to a definite differ-
entiation of PPRE, but the majority of natural PPRE can
be regulated by more than one PPAR isotype [77, 78].
Analysis of the influence of selective PPAR ligands on

gene expression in fibroblast cell lines expressing different
isotypes of PPAR transgenes has shown that expression of
different groups of PPAR-dependent genes is stimulated
by all three PPAR isotypes, two isotypes, or by each iso-
type specifically. Different transcription efficiencies of
PPAR isotypes with respect to different genes are not
associated with the tissue-specific level of different coreg-
ulators but could be at least partially explained by prefer-
ences of PPAR isoforms for various PPRE and coregula-
tors [79]. The transcription activity of a PPAR isotype can
also depend on the cell type, and this suggests differences
of the PPAR isotypes in the interactions with coregulators
and additional transcription factors. Microarray analysis
of interactions between ligand-binding domains of the
three PPAR isotypes and peptides corresponding to the
receptor-recognizable sequences of the broad spectrum
of coactivators (motif LxxLL) or corepressors (motif
LxxxIxxxL) revealed that PPAR isotypes were different in
the preferential interaction with different coregulators,
whereas PPAR isotype agonists were different in efficien-
cies of influence on the PPAR interactions with some
coregulators. In particular, PPARB/d was characterized
by a very weak interaction with coregulators in the
absence of ligand, whereas in the case of PPARy these
interactions were rather strong also in the absence of ago-
nist and in some cases (e.g. PGCla) the agonist did not
additionally stimulate the PPARy binding to a coactivator
[80]. Thus, specificity of effects of PPAR isoforms on
expression of different genes is determined by different
recognition of PPRE variants and coregulators.
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Similarly to cases of LXR and SREBP, activities of
PPARs can be regulated differently, including activation
by ligands, posttranslational modifications (e.g. phospho-
rylation and sumoylation), and expression on the tran-
scription level.

It is agreed that endogenous ligands of PPAR include
fatty acids and their derivatives [81], but which com-
pounds are really physiological regulators of PPAR is still
unclear. X-Ray crystallographic analysis of the PPAR lig-
and-binding domain has shown that the ligand-binding
pocket of PPAR is different from that of other nuclear
receptors by a significantly larger volume and Y-shape
with two entrances. This provides for the possibility of the
interaction of PPAR with ligands of very different struc-
tures. One of the pocket sections is adjacent to the 12th
a-helix of the domain triggering induction of the tran-
scription activity of PPAR due to formation of a network
of hydrogen bonds with involvement of the conservative
tyrosine residue in the 12th helix of PPAR and carboxyl
group of fatty acids. The aliphatic “tail” of a ligand can be
located in one of the two remaining sections of the pock-
et and form hydrophobic bonds [82]. The size of the fatty
acid aliphatic chain plays a certain role: too short a chain
(C < 14) does not provide a sufficient number of
hydrophobic interactions, and too long a chain (C > 20)
can sterically prevent the accommodation of the ligand
inside the pocket [81]. The affinity of ligands for PPARy
correlates with the degree of their oxidation: keto deriva-
tives, nitro derivatives > hydroxy derivatives > polyunsat-
urated fatty acids > saturated fatty acids and their deriva-
tives. Double bonds localized in the middle of the fatty
acid molecule are responsible for its 90° bend with the
hydrocarbon tail directed into the hydrophobic section of
the pocket. In the central region of PPARY there are some
potential donors of hydrogen bonds with the ligand that
provide increased affinity of PPAR for hydroxylated and
nitrated fatty acids [83]. The keto-group coupled with the
double bond in the middle of the fatty acid molecule is
able to covalently interact with a cysteine residue of
PPAR located in the central region of the ligand-binding
pocket. Substitution of this cysteine by another amino
acid significantly decreases the affinity of keto-derivatives
for PPAR [84, 85] and prevents induction by the ligand of
an active conformation of the receptor [86, 87]. Efficient
ligands of PPARy are 15-deoxy-A'*!*-prostaglandin J,,
15-ketoprostaglandins E,, E,, F,,, F,,, 5- and 15-oxo-
eicosatetraenoic acids, 15-oxoeicosadecaenic acid, 9-
and 13-oxooctadecadienic acids.

The large size of the PPAR ligand-binding pocket
provides for a concurrent accommodation of two ligand
molecules. In fact, X-ray crystallographic analysis of
PPARYy reveals the presence of two fatty acid molecules
within the ligand—receptor complex [85]. This finding
explains an atypical competition between the selective
synthetic full agonist of PPARY rosiglitazone and the par-
tial agonist 1-O-oleyl-glycero-3-phosphate, which is a
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biosynthetic precursor of a platelet-activating factor. This
analog of lysophosphatide acid, despite the high affinity
for PPARY, even in 2000-fold excess is unable to displace
all the PPAR-bound rosiglitazone [88].

Unlike PPARy, PPARa can also interact with satu-
rated fatty acids. Endocannabinoids are supposed to be
endogenous ligands of PPARa [89]. However, a very high
effective concentration (ECy, = 10-30 uM) of endo-
cannabinoids from various chemical groups (noladin
ether, anandamide, and virodhamine) towards PPARa
makes doubtful the physiological significance of the
revealed interaction.

In the case of PPARP/d there is also a question about
specific endogenous ligands. Products of fatty acid perox-
idation such as 13(S)-hydroxyoctadecadienic acid and
aldehyde products of their cleavage such as 4-hydroxy-
nonenal can bind to PPARB/5 and activate it. However,
in this case high values of ECs, (for 4-hydroxynonenal
ECs, = 16 uM) [90] also lead us to doubt whether such
compounds can really be involved in the regulation of
PPAR/5 activity. Unsaturated nitrated fatty acids can be
considered as possible natural regulators of PPARB/S
(and also of PPARa). Their total content in human blood
approaches 1 pM, and this concentration has a pro-
nounced influence on the activity of PPARs. PPARy is
the most sensitive among PPARs to nitro-derivatives of
fatty acids [91]; therefore, just this PPAR isoform can first
of all mediate the influence of changes in contents of
nitrated fatty acids on cell functions.

Notwithstanding a significant similarity of the three
PPAR isoforms, small differences in the structure of their
ligand-binding pockets open a possibility for creating
selective ligands for clinical application. Thus, these dif-
ferences include the narrower section for the head part of
the fatty acids in PPARB/d than in PPARa and PPARy
and also the presence of a number of non-conservative
amino acid residues in the lining of pockets in different
PPARs [92]. These differences can also influence the
ability of the same ligand to manifest differently directed
effects on the interactions of PPAR isotypes with coregu-
lators [93].

In the same cell (e.g. in a macrophage) at least two
PPAR isoforms can be expressed that regulate different
gene constellations with activities leading to different
final biological responses; therefore, it is reasonable to
expect that selective endogenous agonists of PPAR iso-
forms can exist that allow the cell to adequately react to
signals. In the case of PPARy such agonists can be keto-
and nitro-derivatives of fatty acids. In the case of PPARa
in mouse liver, a phospholipid 1-palmitoyl-2-oleoyl-sn-
glycerol-3-phosphocholine can be such a regulator [94].
This compound has a high affinity for PPARa, interacts
less with PPARP/8, and does not bind to PPARY.

PPARSs contain a number of consensus sequences for
some serine/threonine protein kinases (PKA, PKC,
MAPK, AMPK, etc.). Phosphorylation of serine residues
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in some of these sequences has been confirmed experi-
mentally. Functional consequences of phosphorylation
depend on the PPAR isoform and localization of the
modified residues in the receptor molecule.
Phosphorylation can influence the interaction of PPAR
with ligands, coregulators, the heterodimerization part-
ner RXR, PPRE DNA, and also the receptor stability;
also, phosphorylation can influence either only ligand-
induced activity or both induced and basal activities of
PPAR [95]. In the case of macrophages the induction of
MAPK activity under the influence of oxidized LDL
results in the inhibitory phosphorylation of PPARYy at the
N-terminus, which counteracts the direct activation of
PPARYy by oxidized derivatives of fatty acids of oxidized
LDL [96]. The possible modulation of PPAR activity by
phosphorylation promotes intervention of various hor-
mones, growth factors, cytokines, and nutrition regimens
in the regulatory systems controlled by fatty acids through
PPARs.

PPAR ligands stimulate sumoylation of PPAR,
which is supposed to provide for the anchorage of PPAR
complexes with corepressors in the region of binding sites
of crucial activating transcription factors (e.g. AP-1, NF-
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tion influencing transcription activity are shown in
Scheme 3.

The expression of PPARY is stimulated by low con-
tent of cholesterol/oxysterols through activation of
SREBP-1/2, which act via E-blocks in two promoters (1
and 3) of the PPARy gene [101]. This influence of oxy-
sterols is supplemented by their stimulation of PPARy
expression through LXRo/B and LXRE of the PPARy
promoter 2 [102]. The activity of PPARy promoters is tis-
sue specific: in macrophages promoters 1 and 3 are active,
in adipocytes promoters 1 and 2 are prevalent [103], and
this, in particular, contributes to the tissue specificity of
regulation of PPARy expression.

The above-described system of regulation of PPAR
expression is a component of a complicated network of
influences of lipids on the contents of their sensors
(Scheme 4). The physiological reasonability of this net-
work seems to be supporting balance between different
types of lipid metabolism.

Considering lipid signaling in vascular wall
macrophages, one has to take into account the hetero-
geneity of macrophages. The same monocytes of periph-
eral blood can be differentiated in vitro under the influ-
ence of the granulocyte-macrophage colony-stimulating
factor (GM-CSF) and of the macrophage colony-stimu-
lating factor (M-CSF) into two subpopulations of
macrophages (GM- and M-macrophages). Similar
effects on macrophage differentiation are displayed,
respectively, by Th2- and Th1-cytokines. Macrophages of
these two subpopulations are significantly different in
morphology and expression levels of different proteins
and, consequently, in functions. The M-macrophage-like
CD68*/CD14" cells and the GM-macrophage-like
CD68*/CD14™ cells are found in both undamaged
regions of vessels and in atherosclerotic lesion but in dif-
ferent ratios: in the first case CD68*/CD14~ cells and in
the other case CD68*/CD14" cells are prevalent. Due to
some features M-macrophages seem to be more aggres-
sive in the atherogenesis context: they secrete more
proinflammatory cytokines and growth factors, pro-
teinases, which destroy matrix, and procoagulants and
due to expression of CD14 are more active in triggering
innate immunity reactions in response to bacterial infec-
tion. These cells accumulate cholesterol from LDL more
intensively than GM-macrophages and are less active in
reverse cholesterol transport because of weaker expres-
sion of lipid sensors PPARy and LXRa and their targets
(CYP27A1, ApoE, and ABCG1) [104]. Note that PPARy
acts as a mediator in formation of the macrophage alter-
native phenotype and plays an important role in stimula-
tion of B-oxidation of fatty acids in macrophages [105]
that seems to prevent their transformation into foam cells.
Unlike the expression of PPARy, PPARa and PPARB/S
expression is not associated with the phenotype of
macrophages, and their activation does not influence the
direction of monocyte differentiation [106].
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The above-presented data indicate that in
macrophages a system of autoregulation of lipid metabo-
lism is functioning, mainly directed to limiting the free
cholesterol content. This system comprises a group of
closely interrelated sensors of lipids mainly consisting of
oxidized cholesterol derivatives and fatty acids. A signifi-
cantly higher efficiency of oxylipids as agonists of LXR,
PPAR, and INSIG as compared to the initial cholesterol
and fatty acids should provide for more effective protec-
tion against lipid accumulation in macrophages and their
transformation into foam cells in the presence of modi-
fied (oxidized) LDL as compared to unmodified LDL.
But in fact, just the modified LDL are atherogenic [107].
Obviously, the basic autoregulatory system is superim-
posed by other factors, including effect of oxylipids
through other sensors counteracting this system.

The role of pro-atherogenic sensors of oxylipids can
be performed by TLR4, which in addition to lipopolysac-
charides of bacterial pathogens recognizes minimally
modified LDL and hydroperoxides of cholesterol esters
inside them. The binding of these ligands to TLR4 of
macrophages via activation of cascades of protein kinases
and small G-proteins leads to reorganization of the actin
cytoskeleton and induction of macropinocytosis of the
LDL-containing fluid fragments [108]. Production of
proinflammatory cytokines is concurrently stimulated
[109]. Macrophages themselves could be a source of
hydroperoxides of cholesterol esters inside oxidized LDL.
Cholesterol esters from intact LDL are supposed to be
transferred into the cell by means of LRP1, to be oxidized
under the influence of 12/15-lipoxygenase, and to be
retransferred onto LDL with involvement of LRP1 [110].
Accumulation of oxidized LDL in the subendothelial
space reflecting a local inflammation serves as a signal for
the further development of the inflammation. Oxysterols
entering into the cell via their LXR sensor increase
expression of the TL R4 gene, the promoter of which con-
tains LXRE [111]. By contrast, the PPARy and PPARa
ligands inhibit the expression of TLR4 (and TLR2) [112,
113]. Other components of oxidized LDL — oxidized
phospholipids — also inhibit the TLR4 signalization, but
oxidized phospholipids act otherwise because they are
competitive antagonists of lipopolysaccharides in binding
to receptor complex components — CD14 and lipopoly-
saccharide-binding protein (LBP) [114]. Obviously, these
negative influences of oxidized phospholipids and (pre-
sumably) fatty acids on TLR4 expression and signaling
cannot fully compensate for the stimulatory effect of
oxysterols on TLR4-mediated macropinocytosis of LDL.

Mutual regulation of LXR and TLR signaling is now
considered to be a leading mechanism of atherogenesis
[115]. TLR are members of a family of signaling receptors
that react to determinants common for a number of
pathogens and play the most important role in develop-
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ment of the innate immune response and preparing for
induction of acquired immunity. Thus, the activation of
TLR4 by a lipopolysaccharide is accompanied by induc-
tion of IL-1B and IL-6 expression in macrophages, pro-
duction of chemoattractants and oxidizers, and stimula-
tion of phagocytosis [116]. The stimulation of phagocyto-
sis provides for not only the elimination of a pathogen but
also an increase in the capture of cholesterol-containing
lipoprotein particles. The TLR-mediated activation of
phagocytosis is a complicated and poorly studied process
that includes induction of expression of retinoic acid-
induced gene 1 (RIG-1) and activation of the RIG-1-
dependent small GTPases, polymerization of actin, and
recruiting of actin nucleation regulator Arp2/3 [117].
Experiments with homo- and heterozygous mice and their
cells with TLR4, TLR2, and SR-A gene deletions indicate
that stimulation of phagocytosis by TLR activators
includes the cooperation of TLR with the scavenger recep-
tor SR-A [118]. The TLR4 and TLR2 ligands increase SR-
A expression in the line of macrophages [109] that leads to
amplification of induced phagocytosis. Although an
increase in the cholesterol content in macrophages as an
element of autoregulation includes inhibition of the SR-A
expression [119], this negative effect seems to be overcome
by effects of pro-atherogenic factors. In particular, inter-
feron y can be such a factor, and the site for its activation
has been found in the SR-A gene promoter [120].

Inhibition of the LXR signaling directed to choles-
terol homeostasis under conditions of bacterial or viral
activation of TLR4 and TLR3 is also mediated by the
transcription factors IRF3 [121] and the adipocyte
enhancer binding protein 1 (AEBP1) [122]. The activa-
tion of TLR2 and TLR4 stimulates the accumulation of
cholesterol in macrophages and their transformation into
foam cells in the presence of LDL. The LXR agonist
inhibits these effects [123], and this suggests an insuffi-
ciency of signaling of endogenous ligands of LXR under
conditions of TLR activation. In mouse kidneys the
lipopolysaccharide (apparently via TLR4) concurrently
decreases the expression of LXRa (but not of LXR[3) and
its heterodimerization partners RXRa, RXRf, and LXR
targets: transporters ABCA1 and ABCG1, ApoE, and of
the transcription factor SREBP-1c, as well as of CYP27.
CYP27 also provides for the formation of 27-hydroxycho-
lesterol, which is an agonist of LXR [55]. Thus, TLR acti-
vation can suppress LXR functions through a number of
pathways including inhibition of expression of LXR itself,
its heterodimerization partners, and the enzyme of LXR
agonist biosynthesis. Cytokines TNFa and IL-1 secret-
ed by immune cells in response to lipopolysaccharide also
inhibit the expression of LXRa and RXRa in cell culture
of human proximal tubules (HK-2). Using a reporter
construct, the ability of cytokines was shown in this sys-
tem to decrease the transactivation potential of LXR.
This is probably associated with inhibition of expression
of coactivators such as PGC-1a and SRC-2 [55].
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Although an increase in lipid accumulation in
macrophages is a step toward formation of foam cells, this
accumulation is concurrently a factor restraining athero-
genesis via suppression of inflammation. The stimulatory
effect of Chlamydia pneumoniae infection on atherogene-
sis and the level of proinflammatory cytokines in mice
with the apoE deficiency were shown to depend on TLR2
and TLR4 and to be restrained by LXRa. [124]. Induction
by bacterial lipopolysaccharide, TNFa, and IL-1f of the
inflammation genes iNOS, COX2, and MMP9, and of
proinflammatory cytokines in macrophages is inhibited
by LXR ligands and depends on the presence of LXRa
and LXRp. Inhibition of the inflammation genes under
the influence of sumoylated or phosphorylated LXR
seems to be realized through transrepression without a
direct interaction of LXR with DNA and includes block-
ade of dissociation of the transcription factor NF-«xB and
AP-1 complexes with the corepressor NCoR. By a similar
mechanism LXR ligands can inhibit the proinflammatory
cytokine-induced expression of the acute phase proteins:
the C-reactive protein (CRP) and the serum amyloid P
component (SAP) in liver cells [54].

Some other consequences of oxysterol signaling in
atherogenesis can also be considered as positive, e.g. inhi-
bition of apoptosis of macrophages [125, 126], suppres-
sion of production of autoantibodies [127], and stimula-
tion of arginase II expression [128].

Mutual influences of LXR and acquired immunity
components can play an essential role in the context of
atherogenesis. Activation and stimulation of T- and B-
lymphocytes induced by mitogens and antigens result in
suppression of reverse cholesterol transport dependent on
LXR}p and its endogenous ligands (LXRa is not expressed
in these cells) [47]. And on the contrary, LXR ligands can
inhibit lymphocyte proliferation that results in lymphoid
hyperplasia and an enhanced immune response to anti-
gens in mice with Lxrf gene knockout. The mechanism
of LXR signaling suppression under the influence of pro-
liferative stimuli includes the induction of sulfotrans-
ferase SULT2BI inactivating oxysterols with production
of their antagonists. The inhibitory effect of oxysterols on
cell proliferation seems to include stimulation of choles-
terol reverse transport with involvement of the ABCG1
transporter because the inhibition is not observed in cells
with the ABCG1 gene knockout. A physiological basis for
the above-described system of mutual regulation of lym-
phocyte proliferation and their cholesterol metabolism is
the need for cholesterol for formation of proliferating cell
membranes. The more selective involvement of LXR in
functioning of B-cells has also been shown. Activation of
LXR suppressed the secretion by human B-cells only of
isotype E immunoglobulins but not of isotypes G, M, and
A [129]. Thus, oxysterols restrain the cellular compo-
nents of acquired immunity.

The entrance of atherogenic oxidized LDL into
cells, in particular, is provided for by a lectin-like recep-
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tor of oxidized LDL (LOX-1). The role of LOX-1 in
atherogenesis is indicated by data on a significantly
decreased atherosclerotic lesion in mice with the LOX-1
gene deletion [130]. In macrophages, endothelial cells,
and smooth muscular cells of blood vessels, oxidized
LDL can induce LOX-1 expression [131]. This effect is
also reproduced by fatty acids and lysophosphatidyl-
choline, which can be components of oxidized LDL
[132, 133]. In this case PPARa can act as a sensor of
these components of LDL (or of their derivatives): just
PPARa agonists but not agonists of PPARB/6 and
PPARYy induce LOX-1 expression in macrophages and
endothelial cells [134, 135]. In contrast, PPARy ligands
can suppress TNFa-induced expression of LOX-1 [136].
PPARa stimulates the LOX- I gene directly, and this stim-
ulation includes the interaction of PPARa with the GC
block, which is different from the classical PPRE in the
proximal part of the 5'-regulatory region of the gene
[137]. Stimulation of LOX-1 expression by fatty acids can
be associated with a predisposition for atherogenesis of
persons with diabetes mellitus and obesity due to
increased content of free fatty acids in blood. The expres-
sion of LOX-1 in vitro and in vivo can be suppressed by
inhibitors (statins) of HMG-CoA reductase, which is a
key enzyme of cholesterol biosynthesis [138]; therefore,
oxysterols of oxidized LDL are supposed to also stimulate
LOX-1, but there are no direct proofs of the action of
oxysterol and LXR or SREBP on LOX-1. The interaction
of oxidized LDL with LOX-1 of endothelial cells is
accompanied by changes in expression of various genes
associated with inflammation, cell adhesion, and intra-
cellular signal transmission [139]. The signaling function
of LOX-1 is not limited to mediation of the action of oxi-
dized LDL. In particular, LOX-1 is required for the stim-
ulatory effect of monocyte adhesion on endothelial cells
[140]. The mechanism of LOX-1 signal transmission has
not been studied. Thus, oxidized LDL can stimulate lipid
accumulation in the blood vessel cells due to induction of
LOX-1 expression.

The scavenger receptor CD36 plays an important
role in the capture of oxidized lipoproteins by
macrophages. The capture is similar to macropinocytosis
but the size of vesicles generated in the cell and the spec-
trum of the participating proteins are different [141]. The
CD36-dependent capture of oxidized LDL is accompa-
nied by inhibition of cell migration that can be important
for early stages of atherogenesis [142]. The latter work
described the influence of oxidized LDL on activities of
some proteins associated with the cell adhesion and poly-
merization of actin of the cytoskeleton (protein kinase
FAK, phosphotyrosine phosphatase SHP-2), but mecha-
nism of the signal transmission (due to the signaling func-
tion of CD36 or to components of oxidized LDL accu-
mulated in the cell) remains unclear. It is also known that
CD36 has signaling function either as it is or as a core-
ceptor of other signaling receptors such as TLR and inte-
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grins [143]. Capture by macrophages of oxidized LDL
with involvement of CD36 can also be accompanied by
activation of other signaling pathways. In particular, the
endocannabinoids anandamide and 2-arachidonoyl glyc-
erol are accumulated and expression of their receptors
CBI1 and CB2 is increased, and via stimulation of PPARy
this results in the increase in the CD36 level, in suppres-
sion of the cholesterol transporter ABCAI activity, and
finally in increased accumulation of cholesterol in the
cells [144]. Oxidized phospholipids can also act as CD36
ligands [145]. Expression of CD36 is induced by
hydroperoxides of cholesterol esters, which are compo-
nents of oxidized LDL through activation of PPARa and
PPRE of the CD36 gene promoter, as well as by some
proinflammatory cytokines secreted by neointima cells
[146, 147].

Thus, modified (oxidized) LDL and their compo-
nents weaken homeostatic lipid signaling acting through
several pathways. The main pathways of atherogenic lipid
signaling are presented in Scheme 5.

It seems that lipoprotein signaling from the cell sur-
face is not confined to the signaling by the abovemen-
tioned receptors. The proinflammatory cytokine — vascu-
lar endothelium growth factor (VEGF) — is induced in
macrophages under the influence of oxidized LDL also in
the absence of their scavenger receptors CD36, SR-A,
and LOX-1 and does not require the entrance of LDL
into the cell [148].

So-called stress of the endoplasmic reticulum is now
believed to play an important role in pathogenesis of ath-
erosclerosis. Normally this phenomenon is an adaptation
of the endoplasmic reticulum for increased need for fold-
ing of newly synthesized proteins and as a component of
the response includes an increase in expression of genes
responsible for biosynthesis of lipids, which are con-
stituents of the enlarging endoplasmic reticulum. This
induction is supposed to be associated with the removal of
INSIG-1 from the endoplasmic reticulum and the corre-
sponding release of nuclear forms of SREBP.
Macrophages in atherosclerotic lesions demonstrate signs
of endoplasmic reticulum stress (possibly partially due to
the influence of accumulated lipids on physicochemical
properties of the endoplasmic reticulum). This suggests
that stress contributes to formation of foam cells [149].
The stress of endoplasmic reticulum contributes to
progress of atherosclerotic lesions also by stimulating
apoptosis of macrophages, the subsequent necrosis of the
plaque core cells, and its instability, i.e. processes directly
leading to tissue ischemia. The stress is supposed, via an
increase in the level of intracellular calcium and activa-
tion of calmodulin-dependent protein kinase (CaMKII),
to induce some proapoptotic factors such as expression of
the death receptor Fas, release of cytochrome ¢ from
mitochondria, and generation of reactive oxygen species.
To transform these changes into apoptosis, the activation
of TLR, SR-A, and CD36 is required [150].
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Scheme 5

PROSPECTS OF THERAPEUTIC INTERVENTION

Ligands of lipid sensors, e.g. of LXR and PPARy,
display a pronounced atheroprotective effect, first of all
due to their negative influence on the two crucial process-
es of atherogenesis: accumulation of lipids and inflamma-
tion in vascular wall cells. Unfortunately, all known ago-
nists of lipid sensors cause pronounced side effects asso-
ciated with their action on other organs and systems.
Thus, LXR ligands induce accumulation of triglycerides
in the liver, triglyceridemia, and an increase in cholesterol
of LDL [40, 151]. Therefore, new attempts are being
made to create selective analogs that would reproduce
only the desirable effect of full agonists. Such analogs can
be created based first of all on the structure—functional
organization of nuclear receptors and their conforma-
tional plasticity. Functions of binding of ligands, hor-
mone-response elements of DNA, coregulators, and
dimerization partners within molecules of nuclear recep-
tors are closely interrelated. Coupling of these combina-
tions with tissue specificity of coregulator expression
could lead to separation of gene constellations regulated
by the given receptor into subgroups selectively sensitive
to different agonists. Ligand-dependent phosphorylation

and sumoylation of receptors present additional possibil-
ities for creating selective analogs. Both modifications are
determined by the ligand-induced change in the receptor
conformation with exposition of the corresponding
amino acid sequences on the surface of the protein mole-
cule. Ligands of LXR and PPAR possessing an increased
ability for stimulating sumoylation of their receptors
could probably be used for treatment and/or prevention
not only of atherosclerosis, but also of other disorders
associated with inflammation.
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