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HDL biogenesis and cellular cholesterol homeostasis

SHINJI YOKOYAMA

Biochenusiry, Nagoya City University Graduate School of Medical Sciences, Nagova, Japan

Abstract

Mammalian somatic cells do not catabolize cholesterol and therefore must export it to maintain sterol homeostasis at the
levels of cells and whole body. This mechanism may reduce intracellular cholesterol accumulated in excess, and thereby
contribute 1o prevention or cure of atherosclerotic vascular lesions, High-density lipoprotein (HDL) plays a central role in
this reaction by removing cholesterol from cells and transporting it to the liver, the major cholesterol catabolic site to bile
acids. Two independent mechanisms are identified for the cellular cholesterol release. One is non-specific diffusion-
mediated ‘efflux’ of cell cholesterol that is trapped by various extracellular acceptors including lipoproteins. Cholesterol acyl
estenification on HDL provides a driving force for net outflow of cell cholesterol in this pathway, and some cellular factors
may also enhance this reaction. The other is apolipoprotein-mediated process to generate new HDL particles by removing
cellular phospholipid and cholesterol. This reaction is mediated with a membrane protein, ATP binding cassette transporter
(ABC) Al, and helical apolipoproteins recruit cellular phospholipid and cholesterol to assemble HDL particles. The
reaction is composed of two elements: assembly of HDL particles with phospholipid by apolipoprotein, and cholesterol
enrichment in this HDL. ABCA] is essenual for the former step, and apolipoproteins are dissociated from HDL or secreted
from cells and interact with ABCAL in their free form. The latter step requires other cellular factors, such that ABCA1
mediates production of cholesterol-rich and cholesterol-poor HDL while ABCA7 produces only cholesterol-poor HDIL.

Key words: ABC, apolipoprotemn, caveolin, cholesterol efflux, HDL, membrane

still contain a sterol backbone, and it is biodegraded
by bacteria mostly after excretion. Thus, we recog-
nize it as an important and valuable molecule that
should not be wasted at all. We are well prepared for
crisis management of cholesterol shortage, but very
poorly for its overload.

The regulation of cholesterol biosynthesis and
receptor-mediated lipoprotein uptake have been
extensively characterized for a long time (1), and

Introduction

Cholesterol constitutes a membrane domain ‘raft’ by
forming a cluster with sphingolipid to provide an
microenvironment for accumulation of specific
membrane proteins related ro intracellular signal
ransduction, and therefore plays essental key roles
in the biological functions of the cell membrane
especially for intercellular  communication.
Biosynthesis of cholesterol is therefore carried out

in all the somatic cells in most animals requiring a
complicated 37 steps in order to maintain such
cellular functions. In contrast, catabolism of choles-
terol is very limited in peripheral cells of vertebrates,
and most of cholesterol molecules in the body are
transported to the major organ for its catabolism, the
liver, except for a small but important part in
steroidogenic cells. In the liver, cholesterol is
converted to bile acids thar are heavily reused in an
entero-hepatic circulation. It should be noted that
cholesterol is never converted to energy. Bile acids

the regulatory mechanism of cholesterol biosynthesis
has been well established at the molecular levels such
as sterol regulatory element binding protein system
(2.3). On the other hand, release of cholesterol from
somatic cells 15 equally important for cholesterol
homeostasis both for cells and whole body, but
understanding of this part has been substanually
behind. However, knowledge has rapidly accumu-
lated in this field in the last several years, and
significant progress has been made for understand-
ing the mechanism for cellular cholesterol release.
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Abbreviations

LDL low-density lipoprotein

HDL. high-density lipoprotein

LCAT lecithin: cholesterol
acyltransferase

CETP cholesteryl ester transfer protein

ACAT acylCoA cholesterol
acyltransferase

PLTP phospholipid transfer protein

ABC ATP-binding cassette transporter

HPLC high-performance liquid
chromatography

Release of cellular cholesterol and irs transport to
the liver are both mediated by high-density lipopro-
tein (HDL). This pathway is under kinetic control
and in a steady state with assembly and clearance of
plasma lipoproteins and with extracellular choles-
terol metabolism by lecithin: cholesterol acyltrans-
ferase (LCAT), cholesteryl ester transfer protein
(CETP), and other active molecules (4). However,
the most critical step for this pathway is the release of
cholesterol from the cells, and it is also one of the key
components of cellular cholesterol homeostasis. This
pathway is often referred to as the conceprt of ‘reverse
cholesterol transport’ and an anti-atherosclerosis
nature of HDL, based on the two lines of evidence
that plasma HDL level is negatively correlated to the
risk of atherosclerotic vascular disease (5) and that
incubation of the cells with HDL results in reduction
of cellular cholesterol in witre (6). Two major
mechanisms are proposed for the cellular cholesterol
release step (7-9): non-specific diffusion-mediated
cell cholesterol ‘efflux’, and apolipoprotein/ATP-
binding cassette transporter (ABC) Al-mediated
biogenesis of HDL particles from cellular lipids.

Non-specific release of cell cholesterol

Non-specific cholesterol efflux from the cellular
surface by physicochemical cholesterol exchange
berween the cell membrane and extracellular ‘accep-
tors” is perhaps mediated by its diffusion in an
aqueous phase, Net release of cellular cholesterol is
driven by extracellular acyl-esterification of choles-
terol by LCAT in this pathway. This concept was
first proposed by Glomest in 1968 (10) as HDL is a
major cholesterol acceptor in this reaction because of
its capacity for cholesterol accommodation and
because it provides a major and oprimum site for
the LCAT reaction. This is under kinetic control
and the net release of cell cholesterol 15 in fact
demonstrated only when outflow diffusion of cell

Key messages

* Cholesterol in extrahepatic cells, except for
steroidogenic cells, must be released and
transported to the liver for its conversion to
bile acids mainly mediated by high-density
lipoprotein (HDL), as its major catabolic
pathway both for cellular and whole body
levels.

* (Cell cholesterol release is mediated by two
independent mechanisms: a physicochemical
diffusion-mediared pathway in which one of
the driving forces for the net release is
lecithin; cholesterol acyliransferase (LCAT)
reaction on HDL, and an HDL biogenesis
by the interaction of helical apolipoprotein
and cellular lipid mediated by ATP-binding
cassette transporter (ABC) Al.

® Helical apolipoprotein, represented by apoA-
I, must be in a free form to interact with
ABCA l-expressing cells to generate HDL,
and it either dissociates from HDL or is
secreted as a free form before the interaction
for HDL biogenesis.

® Cholesterol enrichment of HDL in the
ABCAl-mediated HDL  biogenesis is
independent of assembly of HDL particles
with cellular phospholipid, and cholesterol-
rich and cholesterol-poor HDL are
generated by apoA-l in the presence of
transfected-and-expressed ABCA1  and
ABCAT, respectively.

cholesterol is not a rate-limiung factor (11,12)
(Figure 1). Scavenger receptor Bl seems to expedite
cholesterol exchange rate between cell membrane
and HDL, perhaps through a specific mode of
binding 1o HDL (13-16). ABCGI/ABCG4 alters
intracellular cholesterol distribution to the direction
to increase its release by this pathway (17).

Apolipoprotein-mediated HDL assembly

The other important mechanism is an assembly of
new HDL. particles with cellular phospholipid and
cholesterol upon the direct interaction of helical
apolipoproteins of HDL with cells. Many specific
cellular functions are required for this reaction,
including a cellular interaction site for apolipopro-
tein and specific intracellular cholesterol trafficking
for the HDL. assembly. This reaction seems to be a
major source of plasma HDL, and ABCAI is a key
cellular factor.
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Figure 1. LCAT-mediated net cholesterol release from erythrocytes (12). Pig erythrocytes that lack apolipoprotein-mediated cell
cholesterol release were used for increasing the cellular cholesterol pool 1n order to provide a high off-diffusion rate of cellular cholesterol
and to make LCAT reaction a rate-limuting factor for net cholesterol efflux. Panel A shows cell cholesterol efflux to HDL in the medium mn
the absence and presence of LCAT measured by pre-labelling cell cholesterol. Cholesterol esterification by LCAT results in just as much
increase of cell cholesterol efflux (an upward arrow). In contrast, influx of HDL cholesterol into erythrocytes measured by pre-labelling
HDL cholesterol. Cholesterol influx was reduced in the presence of cholesterol estenficavion on HDL (@ downward arrow). FC, free
cholesterol; CE, cholesteryl ester, Panel B shows the net cholesterol efflux calculated from the results in the panel A. There is no ner flux
between erythrocytes and HDL without LCAT, and LCAT generates the net outflow of cell cholesterol to HDL (an upward arrow). Overall
results indicated that acyl esterification of cholesterol on HDL ts the driving force for its net release from cells by its diffusion between HDI

and cell surface (Panel C)

The first finding of HDL assembly by cellular lipid
and extracellular helical apolipoproteins was our
observation that apolipoproteins of HDL, such as
apoA-I, A-Il, and E, remove phospholipid and
cholesterol from mouse peritoneal macrophages
and generate new HDL particles (18) (Figure 2).
The lipoprotein thus generated meets the criteria of
pref-HDL with respect to physical and chemical
properties (18) (Figure 2AB), maorphological

appearance (19,20), and biochemical characteristics
such as reactivity to LCAT (11,21) (Figure 2C).
Cholesterol in the cells reciprocally decreased mainly
in the compartment accumulated as cholesteryl ester
(18). The reaction can be carried out by various
helical apolipoproteins having amphiphilic helices
composed of some 20-22 amino acid residues, so
that apoA-I, A-II, A-IV, E, and insect apolll all
generate HDL (18,22,23), and so do synthetic

— 142 —

WYEE W -




Downloaded By: [Yokoyama, Shinji] At: £1.00 1 reoiuary 2008

32 S. Yokovama

" 25 E ® apoAd .g " . '
§- 20 | e § |
- 5 b ﬁ k-
z P origin e 8 -
v W (2] STV B S f L et ST 3?_
> o 400 EB0O 8OO —_ -
E ost RADIDACTIVITY, epm g
- -
2 Ll 8 v 2
-] 100 105 110 135 120 128 ® =]
- — apoAdl S ° B W
- ApﬂA-ﬂ - LCAT, L
E »n} 'A‘ p
"E 15 l| 4 orgine
3 - N~
3 e o 200 400 GO0 800
§ RADIOACTIVITY, cpm
@

100 105 10 105 120 135
Density, g/mL

Figure 2. HDL biogenesis by apolipoproteins and cellular lipid. Panels A and B show the results of incubation of mouse peritoneal
macrophages with apoA-1 or apoA-IL The medium was analysed by ultracentrifugation (Panel A) and agarose gel electrophoresis (Panel B,
bands of fast and slow mobility in each gel indicate HDL and L DL, respecuvely) (18). Panel C demonstrates the reactivity to LCAT
(activity was standardized for plasma LCAT activity) of the HDL. generated by human fibroblasts and apoA-I or apoA-II (11).

amphiphilic pepudes as far as they meer such criteria
(23,24). More recently the peptides were shown to
be active whether composed of D- or L-amino acids
(25). It seems that certain numbers of the helical
segment are required to carry out the reaction.

The physiological relevance of this reaction
became evident by the finding that the cells from
patients with Tangier disease, familiar HDL defi-
ciency, lack the interaction with apolipoprotein and
the HDL. assembly (26,27). Mutations were identi-
fied in the gene of ATP-binding cassette transporter
Al (ABCAL) in patients with this disease (28-33),
and disruption of this gene resulted in the HDL
deficiency in mice. Thus, ABCA1 was shown to be
essential for production of plasma HDL (34,35).
While apolipoproteins do not interact with the
Tangier cells and generate no HDL (26,27), the
cells are intact for the non-specific diffusion-based
cholesterol release (26). This means that ABCAI
may act as or create a direct interaction site for
apolipoproteins to generate HDL. To support this
idea, induction of the HDL assembly reaction in
RAW?264 cells by cAMP is accompanied by induc-
tion of apoA-I binding and expression of ABCAI
(36,37). Thus, ABCAl essentially functions as
a mediator for apolipoprotein-cell binding and

for subsequent assembly of nascent HDL particles
from apolipoprotein and cellular phospholipid/
cholesterol.

Helical apolipoproteins are in equilibrium between
a lipid-bound form and a dissociated form from the
lipid surface presumably free in solution. Although the
dissociation constants of apolipoproteins are not
known directly for the HDL surface, the constants
measured for the LDL-size lipid partcles are all in the
order of 107 M, which may not be irrelevant to be
extrapolated for the HDL surface (38,39). Assuming
that the dissociation constant of apoA-I is in this
range, and binding capacity of HDL is just enough to
accommodate the rotal plasma apoA-1, a few percent
of plasma apoA-I can be lipid-free in the aqueous
phase in equilibrium. It should be noted that the K,
for the HDL assembly reaction 1s less than 1% of
plasma apoA-I concentration (18) so that this protein
in a free form can carry our the reaction at the V..
Also, there are several reactions that reportedly
liberate helical apolipoproteins from the HDL surface
in plasma, such as CETP in the presence of free fatty
acids (40-42). Phospholipid transfer protein (PLTP)
(43) by itself also releases apolipoprotein from HDIL,
and transfer of cellular phospholipid and cholesterol
to HDL was indeed enhanced by PLTP (44).
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HDL biogenesis and cellular cholesterol homeostasis 33

Apolipoproteins can be rransferred from HDL 1o the irrelevant to speculate that apolipoproteins dissociate
cell surface simply due 1o the higher affinity of free from HDL and interact with the cells in their lipid-free
apolipoproteins for the cells than for lipid surface (45). form to generate new HDL parucles.

We investigated the ABCA l-dependent interaction Major sites for synthesis of helical apolipoproteins,
of HDL particles with cells (46) (Figure 3). ABCAL especially for the main apolipoprotein of HDL,
mediates the interaction only of the protein moiety of apoA-I, are believed to be the liver and intestine. In
HDL but not its lipid (Figure 3AB). It was also shown contrast to apoB-containing lipoproteins, however,
that a monoclonal antibody specific for lipid-free no HDL particles, not even premature HDL, have
apoA-l sclectively inhibited the ABCAIl-dependent been identified in the secretory pathways such as the
part of cell cholesterol release o HDIL (46) endoplasmic reticulum and the Golgi apparatus in
(Figure 3CD). These findings were magnified when the cells of these organs. Nevertheless, HDL
apoA-I was displaced by apoA-II to increase lipid-free particles are found in the culture media of the
apoA-l. In that paper, kinetic analysis of the data hepatocytes (47,48) or in the perfusate of the liver
indicated that apoA-I has an affinity for HDL as high (49,50), mostly as a so-called nascent HDL thart is
as that for cellular surface, and apoA-I could sull be composed mostly of surface lipids, phospholipid,
transferred from HDL to cell surface. It is thus not and cholesterol, not containing much core lipid, and

A
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Figure 3. Binding of HDL components to RAW264 cells when ABCAI expression s induced by cAMP (46). Panel A shows reconstituted
HDL of apoA-1 (proapoA-I), cholesteryl oleate and egg phospholipid. Panel B shows the results of binding of the particles labelled with
uniformly labelled proapoA-1 with "H and ""C-cholesteryl oleate. An upward red arrow between open and closed circles indicates the
increase of proapoA-I binding by induction of ABCAL expression by cAMP. Red lines between open and closed squares indicate change of
cholesteryl oleate (CO) binding by inducing ABCAIL expression. Binding takes places only with protein of HDL, Panels C and D
demonstrate inhubittion of the ABCAl/apoA-l-mediated cholesterol release by the monoclonal antibody specific for pid-free apoA-l,
725-1E2, Panel C-a shows specificity of the antubody agamnsi lipid-free apoA-1, and Panel C-b shows inhibition by the antibody of the apoA-
1- and HDI-mediated cell cholesterol release induced by cAMP, ApoA-I-mediated cholesterol release was inhibited by 75% of the cAMP-
induced increment, and the increment of the HDL-mediated cholesterol release by cAMDP was inhibited 1o the same extent as the apoA-1

mediated release was inhibited. Panel C shows the results of the similar experiments performed in the presence of apoA-I1. ApoA-11
displaces apoA-I from the HDL surface to make 1t & free form (Panel D-a and D-b), and therefore the increment of cell cholesterol release
was larger in this condition (Panel D-¢). The antibody inhibited 0 much as the apoA-T-mediated cholesterol release (Panel D-¢)
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consequently in a disc-like shape. The question then
becomes how and where these particles are formed.
If the apolipoprotein-cell interaction is a major
mechanism for production of HDL, it is possible
that HDL is assembled by an autocrine mechanism,
such that apoA-l or E are first secreted by the cells
and then interact with the cell surface to generate
HDL (51,52). This hypothesis has more directly
been supported by using an ABCA1 inhibitor,
probucol, and the above-mentioned antibody spe-
cific to lipid-free apoA-I to inhibit ABCA1-depen-
dent HDL assembly by hepatocytes (53). When
HepG2 cells were teated with probucol, apoA-I
otherwise found associated with HDI. was secreted
all in a free form (Figure 4A). In the presence of the
antibody, generation of HDL was completely inhib-
ited (Figure 4BC) while it did nor influence the pre-
produced HDL in the medium.

Thus, lipid-free apolipoprotein is to be released
whether from cells or from HDL. particles to interact
with cellular ABCAT1 for assembly of HDL particles
from cellular lipid, Alternatvely, apolipoproteins
may interact in part with the membrane already
somewhere before the secretion through the same
mechanism as extracellular apolipoprotein reacts
(54,55). This view may be consistent with the
finding of the abnormal Golgi structure in the
hepatocyres of ABCA1 knock-out mice (34) and
differential generation of HDL with endogenous
apoE and exogenous apoA-I by rat astrocytes (56).

Assembly of HDL particles and cholesterol
enrichment

Apolipoprotein recruits primanly phospholipid rather
than cholesterol to form stable HDL particles in this
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Figure 4. Biogenesis of HDL by HepG2 cells with endogenous apoA-1 (53). Panel A shows the results of apoA-1 secretion when HepG2
cells were treated with an ABCAI inhibitor, probucol (P}, in comparison to control (C). Secretion of apoA-T into the medium is unchanged
by the treatment of the cells with probucaol, but apoA-I was recovered all in a lipid-free form by the treatment while it was otherwise all
bound to HDL. Pancl B shows marked decrease of HDL production by HepG2 cells when ABCAL was inactivated by probucol or the
monoclonal antibody specific to ipid-free apoA-1, 725-1E2, was present in the medium, demonsirated as HPLC profiles of the medin. Solid
lines indicate cholesterol, and dotted lines indicare choline-phospholipid. Panel C demonstrates the same resulis shown as quantitauve data
by using the HPLC analysis data and the ultracentrifugation analysis data.
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HDL. assembly pathway (57). HDL generated by this
reaction contains largely phospholipid and unester-
ified cholesterol, and the LCAT-mediated cholesterol
esterification on the generated HDL perhaps helps the
maturation of this HDL as it generates core choles-
tervl ester (11,21). However, unlike cholesterol release
by non-specific diffusion-mediated reaction, choles-
terol esterification does not result in further enhance-
ment of cellular cholesterol release when the HDL
generated is already cholesterol-rich (11).

HDL-like particles can be formed i wirro with
helical apolipoproteins and phospholipid, with or
without core lipid and cholesterol, without specific
catalysts except for the requirement of energy for
dispersion of the components to homogeneity (58).
The reaction always vields the particles of certain
sizes composed of at least a few hundreds of
phospholipid molecules, Therefore, HDL-like par-
ticles are a thermodynamically stable molecular
assembly for helical apolipoproteins and phospholi-
pid. The physicochemical nature of apolipoprotein-
phospholipid interaction is that ‘lipidation’ of
apolipoprotein takes place primarily with phospho-
lipid in a kind of snap-in manner rather than
‘gradual growth’. On the other hand, apolipoprotein
cannot form a complex with cholesterol alone. When
apolipoprotein interacts with cells through ABCA1,
the same type of reaction should take place to
generate HDL., In facrt, disc-like HDL particles are
generated primarily with membrane phospholipid
when apoA-l interacts with the cells in the presence
of ABCAI (Figure 5A). However, it has not yet been
evident whether premature HDL particles found in

HDL biogenesis and cellular cholesterol homeostasis 35

plasma are produced by this reaction and are direct
precursors of plasma HDL, such as prefl-HDL, -
LpE, and LpA-IV (59). It should be noted that
Miller and colleagues suggested that prefi-HDI. in
human peripheral tissue fluid should be considered
substantially produced locally rather than filtered
from blood plasma (60). This finding may support
the view that at least apoA-I locally dissociates from
HDL and produces new prefi-HDL by removing
lipid from peripheral cells.

It was recently reported that ABCAT7 also mediates
the HDL assembly m wiro in a similar manner to
ABCAl when transfected and over-expressed in
HEK293 cells (61-63). Analysis of the HDL products
by size exclusion high-performance liquid chromarto-
graphy (HPLC) revealed that ABCAI generates two
different types of HDL, large cholesterol-rich and
small cholesterol-poor, while ABCA7 produces only
small and cholesterol-poor HDL (Figure 5B) (63,64).
Although this reaction may not significantly contri-
bute 1o the regulation of plasma HDL concentration
(65) and the expression of the ABCA7 gene is not
regulated for the HDL biogenesis (66), it is sull of
interest to examine the difference between the two
ABC proteins in order to elucidate the mechanism for
ABCAI to remove cellular cholesterol more efficienty
in the HDL biogenesis.

Closing remarks

The finding of the murtation in ABCAI opened a

new gate for studying cellular cholesterol home-
ostasis with respect 1o its releasing mechanism. This
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Figure 3. HDL particles generuted by apoA-1 when ABCAL or ABCA7 are trunsfected and over-expressed in HEK293 cells (64). Panel A
shows electron microgram of the particles wsoluted from the medium by ulirscentrifugation. Scale bars tndicate 100 nm, Histograms
represent the results of the measurement of diameters, Panel B shows the results of the HPLC analysis. Thick solid lines represent

cholesteral, and thin solid lines represent choline-phospholipid
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protein undoubtedly plays an essental role in
apolipoprotein-mediated assembly of HDL. It is,
however, still unclear how ABCAl functions to
mediate the interaction of helical apolipoprotein
with phospholipid in the cell membrane. In order to
maintain  cholesterol  homeostasis, diffusion-
mediated physicochemical cholesterol release func-
tions as much as the apolipoprotein-mediated path-
way both at the cellular level and for the whole body.
Therefore, Tangier patients may not develop general
and massive cholesterol accumulation since the
diffusion-mediated system is preserved (67). This
is the same in LCAT deficiency patients who lack a
driving force for the net cholesterol release by the
diffusion-mediated system but not the apolipopro-
tein-mediated reaction (68). Thus, the two systems
back up each other to maintain cellular and body
cholesterol homeostasis (69).
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Effects of Fibrate Drugs on Expression of ABCA1
and HDL Biogenesis in Hepatocytes

Mohammad Anwar Hossain, MSc,* Maki Tsujita, PhD,*
Frank J. Gonzalez, PhD,T and Shinji Yokovama, MD, PhD*

Abstract: Fibnc acid-shaped drugs raise high-density lipoprotein
(HDL) cholesterol by upregulating the HDL-related genes through
activating peroxisome proliferater activated receptor (PPAR)-or. We
investigated the effects of fibrates to induce expression of adenosine
triphosphate-binding cassette transporter Al (ABCAL) and increase
HDL biogenesis in hepatocytes. Fenofibrate, bezafibrate, gemfibrozil,
and LYS518674 were tested for HepG2 cells and primary-cultured
mouse hepatocytes. All the compounds examined increased ABCA|
expression and HDL biogenesis dependent on PPARa in associa-
tion with the liver X receptor a upregulation. While fenofibrate and
LY518674 showed exclusive dependency on PPARa for these activ-
ities, bezafibrate and gemfibrozil exhibited dependency on PPARB/S
and PPARy as well, On the other hand, cholesterol-enrichment of HDL
may involve PPARy for fenofibrate and bezafibrate, and PPARB/S for
the fibrates examined except for bezafibrate. We concluded that
fibrates enhance expression of ABCA| in hepatocytes to contribute to
inerease of the HDL biogenesis in a PPAR-dependent manner, whether
exclusively or nonexclusively on PPARa.
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cholesterol

fibrates, PPAR, LXR, ABCAL, HDL, hepatocyles,

(J Cardiovase Pharmacol™ 2008;51:258-266)

H igh-density lipoprotein (HDL) plays a central role in
cholesterol transport from extrahepatic tissues to the liver
for its conversion to bile acids, so that HDL is thought 1o be
antiatherogenic hy removing cholesterol from atheromatous
vascular lesions.'” The liver also provides the major source for
HDL biogenesis mediated by adenosine lnphosph.lt(. (ATP})-
binding cassette transporter Al (ABCA1),"* mainly as an
autocrine reaction with endogenously synthesized apolipo-
protein (apo) A-L"" Pharmacological increases of HDL is
expected to be beneficial for prevention of atherosclerotic
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discases predicted in animal models®™'* and action of drugs on
hepatic HDL biogenesis should be evaluated.

Fibrates-based compounds are widely used drugs that
reduce plasma tnglveenide (TG) level through activation of
a nuclear receptor, peroxisome proliferator activated receptor
(PPARJ-a."* These drugs are also known for raising HDL by
two independent mechanisms.' Increase of TG-rich lipopro-
tein increases TG transfer to HDL in exchange for cholesteryl
ester transfer from HDL by plasma cholesteryl ester transfer
protein, leading to production of small cholesterol-poor HDL
as TG in HDL is being hydrolyzed."™ Reduction of TG by
fibrates therefore increases HDL cholesterol by reversing this
process. In additon, fibrates were also shown to increase
transcription of the genes for HDL biogenesis: apoA-I gene in
the liver,'" and ABCA1 gene by at least Wyl4643'" and
fenofibrate'" through activation of the liver X receptor (LXR)
in fibroblasts and/or macrophages.

PPARs are ligand-activated transcription factors that
form an obligate heterodimer with the retinoid X receptor
(RXR) 1o bind to defined PPAR regulatory elements in the
promoter rL;.i(m of target genes.'” PPARa was first identified
in mice,” with PPARR (currently termed more wmmonly as
PPARP/®)* and PPARY reported in frog« and mice.”* PPARs
are found in all mammalian species™ and each subclass has
unique tissue specificity and functions. PPAR« is highly
expressed in the liver and regulates peroxisomal and
mitochondrial B-oxidation of fatty acids.”® PPARy is ex-
pressed in white and brown adipose tissues, the liver, kidney,
and heart, and controls adipocyte differentiation, fat storage,
and inflammation.™ PPARPB/S 1s ubiquitously expressed and
serves as a key regulator of fat metabolism in peripheral tissues
by coordinating fatty acid oxidation and energy uncoupling.™

Many studies suggested that fibrates exent their effects
through a PPARa-mediated pathway."*?” However, some
fibrates are known to activate other PPARs; bezafibrate can
also be a ligand for PPARB/S and PPARy.**~" Detail of PPAR
subtype specificity still remains uncertain for the clinically
used fibrates. It is also important to clarify whether their act in
the liver, the major HDL-producing organ, to regulate the
HDL-related genes. We thereby undertook examination of the
cffects on the HDL biogenesis in hepatocytes, HepG2 cells,
and mouse primary-cultured hepatocytes of the clinically used
or to-be-used fibrates: fenofibric acid (an active form of
fenofibrate), bezafibrate, gemfibrozil, and LY518674.'" All
these drugs stimulated the ABCA | gene, perhaps in an LXRa-
dependent manner in these cells. However, some fibrates were
also shown to act through PPARs other than the a-subtype.
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Effects of Fibrates on HDL Biogenesis in Hepatocytes

MATERIALS AND METHODS

Experimental Animals and Cell Culture

Hepatocytes were isolated according to the ethylencdi-
amine tetraacetic acid collagenase two-steps perfusion method
as previously described® from the hiver of the C57BL/6 mice as
well as of the Abcal-null mice obtained as ABCA l-deficient
heterozygotes (DBA/1-Abcal*" ™) from Jackson Animal
Laboratories (Stony Brook, NY) and bred for 8 generations to
have the C37BL/6 genetic background, and of the PPARa null
mice that had the same genetic background™ as bred for 10
generations. Their genotypes were confirmed as deseribed. ™
Heaptocytes were prepared from the animals at the age of 20 to
24 weeks fed with essential chaw diet (MEQ, Oriental Yeast
Co. Ltd., Tokyo) and used in primary culture at a concentration
of 0.2 % 10° cells/mL in collagen-coated plate in the presence
of Dulbecco’s Modified Eagle Medium containing 4.5 g/l
glucose.® The experimental procedurc was approved by
Animal Welfare Committee of Nagoya City University
Graduate School of Medical Sciences according to the
institutional guidelines (approval number H17-15). HepG2
cells (American Type Culture Collection; ATCC HB8065)
were cultured as 0.6 % 10° cells/mL in a modified Eagle's min-
imum essential medium (MEM; Sigma) containing 10% fetal
bovine serum in 60-mm dish in a CO, incubator at 37°C.°
These cells were incubated with fenofibric acid (Tyger Sci-
entific, referred as finofibrate hereafier), bezafibrate (Sigma),
gemfibrozil (Sigma), or LYS518674 (synthesized in house)*' in
MEM-containing 0.02% (w/v) bovine serum albumin (BSA)
for 16 to 18 hrs. Culture medium was used for lipoprotein
analysis and the cells were used for mRNA analysis and cell
proteins measurement.

Lipid and Lipoprotein Analysis

The culture media were collected at the designated time
and analyzed for lipoproteins.” HDL and low density lipoprotein/
very low density lipoprotein (LDL/VLDL) fractions were iso-
lated as density fractions as 1.063 to 1.21 g/mL and below
1.063 g/mlL, respectively, by ultracentrifugation in a himac
CP80PB by using a PSOATA4 rotor at 49 k rpm for 16 hrs at 4°C.
Lipid was extracted from cach lipoprotein fraction with four
volumes of chloroform: methanol (2:1, v/v) overnight and the
organic layer was used for the determination of free cholesterol
and choline-phospholipid by enzymatic assay systems (Kyowa
Medics, Japan).”

Western Blotting Analysis of Protein

ABCA1 in the cellular membrane fraction was analyzed
by Western blotting as previously described.” Briefly, cells
were treated with a hypotonic 50 mM Tris-HCl buffer (pH 7.4)
containing protease inhibitors, After removing cell debris and
nuclei by centrifugation at 800 rpm, the supernatant was
ultracentrifuged at 90,000 rpm for 1 h to recover the bulk
membrane fraction as a pellet. The bulk membrane fraction,
60 pg protein, was dissolved in 9 M urea, 2% Triton X-100,
and 1% dithiothreitol and analyzed by 6% polyacrylamide
electrophoresis for Western blotting by using specific anti-
bodics against ABCA |, Bip/GRP78, Integrin B1. The condi-
tioned medium (10 pL/lane) was similarly analyzed in 12%

© 2008 Lippincort Williams & Wilkins

SDS-PAGE for apoA-I, apoA-Il, apoE, and albumin by using
respective specific antibody.

RNA Extraction and Real-Time Quantitative
Polymerase Chain Reaction (PCR)

Total RNA was extracted from cells by using RNA
extraction reagent (Isogen, Nippon Gene). Single strand
¢DNA was synthesized by a SuperScript preamplification sys-
tem (Invitrogen) from 5 g of the total RNA. PCR was carried
out for the cDNA by using primers (sensc and antisense) of
human ABCA1 (5'-GAA CTG GCT GTG TTC CAT GAT-3'
and 5'-GAT GAG CCA GAC TTC TGT TGC-3"), human
apoAl (5'-AGA GAC TGC GAG AAG GAG GTG-3" and 5'-
CAG ATC CTT GCT CAT CTC CTG-3"), mouse ABCAI
(5'-CTC AGA GGT GGC TCT GAT GAC-3" and 5'-CCC
ATA CAG CAA GAG CAG AAG-3"), mouse apoAl (5'-ACG
TAT GGC AGC AAG ATG AAC-3" and 5'-AGA GCT CCA
CAT CCT CTT TCC-3"), human LXRa (5'-TCT GGA GAC
ATC TCG GAG GTA-3" and 5'-GGC TCA CCA GTT TCA
TTA GCA-3"), human LXR (5'-GCG AAG TTA CTT TTG
AGG GTA-3' and 5'-CTC CTT TAC AGT GGG TGA AGA-
3'), human RARa (5'-AGC ATC CAG AAG AAC ATG
GTG-3' and 5'-AAT GAT GCA CTT GGT GGA GAG-3'),
human RXRa (5'-CTA CTG CAA GCACAAGTA CCC-3'
and 5'-CTG GGC CAC AGA CAA GTA GTA-3'), human
PPAR« (5'-TCG GTG ACT TAT CCT GTG GTC-3" and 5'-
TTC TCA GAT CTT GGC ATT CGT-3"), human PPARS (5'-
TCT CTC TTC CCT TCT CCC TTG-3' and 5'-GGC TCA
AGT CTT TTG CTC TGA-3'), human PPARy (5'-ATG GAG
CCC AAG TTT GAG TTT-3' and 5'-AAA CAG CTG TGA
GGA CTC AGG-3") and human B-actin (5'-CTG ACC CTG
AAG TAC CCC ATT-3" and 5'-TCT GCG CAA GTT AGG
TTT TGT-3"), and mouse B-actin (5'-ATG GTG GGA ATG
GGT CAG AAG -3' and 5'-CAC GCA GCT CAT TGT AGA
AGG-3") (synthesized by Hokkaido System Science, Japan).
Quantification of mRNA for these primers products were
accomplished by using SYBR Green PCR master mix reagent
in an ABI PRISM 7700 sequence detection system (Applied
Biosystems, Japan).

RNA Interference

The expression of PPARa, PPARB/S, PPARy werc
knocked down by using respective siRNAs. HepG2 cells, at
a confluence of 30 % to 50 %, were transfected with designed
siRNAs for PPARa (siRNA: UAU CAC UGU CAU CCA
GUU CCA GUG C control siRNA: UAU GAC CAG UCU
UAC CGA UUC CUG C), PPARS (siRNA: CUC ACA UGC
AUG AAC ACC GUA GUG G, control SiRNA: CUC GAA
ACG UAC GUA AAC CCU GUG G), and PPARy (siRNA:
AAA UGU UGG CAG UGG CUC AGG ACU C, control
siRNA: AAA GAG UGU UAC GGU GUC GGA CCU C)
using oligofectamine (Invitrogen) in presence of OPTI-MEM |
(Invitrogen Corporation) by incubating for 6 hrs. The cells
were incubated in 1 mL of MEMa medium (Sigma) containing
10% (v/v) fetal bovine secrum for 66 hrs, washed with
phosphate buffered saline, and treated with 30 pM of each
fibrate in the MEMa medium containing 0.02% BSA for 16 10
18 hrs. Lipid levels in the conditioned media were determined
and ABCAI in the bulk membrane fractions analyzed as
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described above. The expression of each gene was evaluated
by analyzing specific mRNA by real-time PCR.

Other Methods

Protein content of cach sample was determined with a
bicinchoninic acid assay reagent (Pierce) using BSA as a
standard. The statistical significance was cvaluated using
2-tailed Student’s # test and analysis of variance Scheffe’s test.

RESULTS
Hepatic HDL Biogenesis

Figure 1A shows the effect of fibrates on lipoproteins
secretion by HepG2 cells and mouse primary hepatocytes
Fenofibrate, bezafibrate, gemfibrozil, and LYS518674, all
increased HDL release from both types of cells. Release of
LDL/VLDL was uninfluenced but their cholesterol content
was reduced by fibrates in those from primary hepatocytes,
HDL secretion by the Abcal-null hepatocytes was very low
and unaffected by any of the fibrates, Increase of HDL release
was dose-dependent with these fibrates for 5, 15, 20, 30,45 pM
as reaching maximal at 30 pM without showing apparent
cytotoxicity in HepG2 cells, so that 30 pM was used hereafier.
The fibrates increased mRNA of ABCA1 and apoA-I in both
HepG2 cells and primary hepatocytes (Fig. 1B). Figure 1C
shows apoB and apoA-I in the VLDL/LDL and HDL fractions
in the HepG2 conditioned medium. Each apolipoprotein was
found exclusively n the respective lipoprotein fraction, and
apoA-l increased by the fibrates treatment. Decrease of apoB
was noticed by the treatment. Fibrates increased ABCAI
protein in both types of cells shown by Western blotting,
as well as secretion of apoA-I, A-11 and E into the medium
(Fig. 1D). In summary, the fibrates tested increased HDL bio-
genesis in hepatoeytes accompanied by increase of expression
of the HDL-related genes including ABCAL

Transcription Factors

Since Wy14643 and fenofibrate were shown to increase
ABCAI ecxpression via the LXR system,'™'® the effects of
fibrates were examimed in HepG2 cells on LXRa, LXRB, the
retinoic acid receptor a (RAR«) and the retinoid X receptor «
(RXRa). The LXRa ligands, 22-R-hydroxy cholesterol (at
30 pM) and TO901317 (at 10 uM), increased HDL release by
52%, and bezafibrate further increased it by 21%. However,
neither an RAR ligand, the all trans retinoic acid, nor an RXR
ligand, 9-cis retinoic acid, induced the increase in HDL
production by HepG2 cells. Increase of LXRa mRNA was
shown with all the fibrates tested (Fig. 2). In contrast, none of
the fibrates induced the increase of LXRB, RAR«, and RXRa
mRNAs (Fig. 2).

Role of PPAR«

PPAR target genes were examined in HepG2 cells by use
of sSIRNA against PPARa mRNA. Expression of PPARa was
suppressed by 68% with 200 nM of siRNA at the end of
72 hours incubation, and this level of suppression was main-
tained during the period of the HDL secretion measurement
for another 16 hrs. Figure 3A shows HDL biogenesis under
this condition. The siRNA treatment suppressed the increase
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of HDL biogenesis by all the fibrates tested indicating that
these drugs achieve their effects through a PPARa-dependent
pathway. In addition, bezafibrate and gemfibrozil increased
HDL biogenesis by about 30%, even in the presence of the
PPARa siRNA. Western blotting analysis showed that the
increase of ABCA1 was reversed by the siRNA treatment,
when fenofibrate and LY 518674 were used but not bezafibrate
or gemfibrozil (Fig. 3B). Thus, involvement of PPARw is not
exclusive in the action of bezafibrate and gemfibrozil. When
primary-cultured hepatocytes isolated from the Ppara-null
mice were used, none of the fibrates enhanced HDL biogenesis
(Fig. 4A). However, ABCAI1 protein was increased by beza-
fibrate and gemfibrozil, consistent with the results of the
PPARa siRNA treatment of HepG2 cells (Fig. 4A). Thus,
among the fibrates tested, bezafibrate and gemfibrozil act
through an extra-PPARa pathway as well. The reason why the
increase of ABCAL is not reflected in the HDL biogenesis in
the Ppara null mouse hepatocytes is unknown,

Roles of PPARB/6 and PPARYy

To examine the involvement of PPARB/S or PPARYy in
the action of fibrates on HDL biogenesis, PPARB/S or PPARy
gene was knocked down by specific siRNAs in HepG2 cells.
The levels of mRNA were reduced by 75% and 70% for
PPARB and PPARYy by respective siRNAs at 200 nM afier the
72 hours of treatment. The reduced levels of expression were
maintained for another 16 hours used for the HDL biogenesis
experiments, When PPARB/S was knocked down, HDL-lipid
release was decreased only with gemfibrozil and LY 518674 for
cholesterol, and with gemfibrozil for phospholipid (Fig. 5A).
Fenofibrate only slightly reduced HDL-cholesterol release.
When PPARy was knocked down, the background HDL
biogenesis decreased and the fibrate-induced reaction was
decreased only for release of HDL-cholesterol, moderately by
fenofibrate and remarkably by bezafibrate (Fig. 5B). ABCAI
expression was not influenced by knockdown of either PPARs
except for slight decrease with gemfibrozil by knockdown of
PPARP/B, being consistent with the findings that the siRNA
treatment did not influence phospholipid release as a parameter
of HDL biogenesis (Fig. 5C), presumably because ABCAI
expression is adequately stimulated by the PPARu pathway.
The results also indicated that cholesterol content in HDL is
influcnced by some fibrates via PPAR (/6 or PPARY.

Effects of Multiple Suppression of of PPARs
Fmally, HDL biogenesis and ABCA1 expression were
examined under conditions of multiple knockdown of PPAR
genes in HepG2 cells, The left two panels of Figure 6A show
the effects on HDL biogenesis of combined knock-down of
PPARa and PPARB/S, PPAR«a, and PPARY, and all three
receptors, and the night panel shows mRNA expression of
ABCAI under the same conditions, Figure 6B demonstrates
ABCAI protein expression. When PPARa and PPARB/S were
knocked down, ABCA 1 was increased by bezafibrate and gem-
fibrozil, being reflected perhaps in the insignificant increase
of HDL biogenesis by these two compounds. The data were
consistent with those in Figure 5B where knockdown of
PPARy decreased cholesterol content in HDL released by
bezafibrate and gemfibrogil. When PPARa and PPARy were
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FIGURE 1. Effccls of I|brate 5 on HDL hu)gen(,sls by hcpawcylcs in vitro. A, Rdeasc of lipoproteins from HepG2 cells and primary
hepatocytes isolated from C57BL/6 wild type and Abcal-null mice. The cells were exposed to four different fibrate drugs;
fenofibrate (FN), bezafibrate (BZ), gemfibrozil (GM), and LYS18674 (LY) at a concentration of 30 uM for 16 hrs. The conditioned
medium was fractionated by ultracentrifugation as described and free cholesterol (FC) and choline-phopsholipid (PL) measured for
HDL (solid column), VLDL/LDL (open column) fractions. B, Messenger RNA level of ABCA1. Total RNA was extracted from the cells
after the fibrate treatment as shown in the panel A, and quantitative PCR was performed. The ABCA1 mRNA levels were normalized
by those of -actin mRNA, The values represent mean = SD for three determinations [*P < 0.05, **P < 0.01 from control (C)] for
panels A and B. C, Change in apoB and apoA-l in VLDL/LDL and HDL fractions by fibrates in the HepG2 conditioned media. The
media lipoproteins were isolated by ultracentrifugation and analyzed by Western blotting by using the respective specific antibody.
Numbers indicate fold increase of apoA-| from control based on digital scanning of bands. D, Western blotting analysis of ABCA1 of
the cell membrane and the HDL-related proteins in the medium, after the fibrate treatment as shown in the panel A,
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FIGURE 2. Effects of fibrates on the expression of the nuclear
receptors. HepG2 cells were incubated with the fibrates
[fenofibrate (FN), bezafibrate (BZ), gemfibrozil (GM), and
LY518674 (LY)] as described in the legend for Figure 1. Expression
of the mRNA for LXRe, LXRB, RARa, and RXRa were determined
by real-time quantitative PCR. The results were normalized by the
mRNA levels of B-actin, The values represent mean =+ SD for three
determinations [*P < 0.05, **P < 0.01 from control (C)].

knocked down, ABCAl was increased by bezafibrate and
gemfibrozil, and HDL biogenesis was also increased by these
compounds. The results were consistent with the decrease of
the gemfibrozil-induced HDL biogenesis by knockdown of
PPAR (/8. Thus, fenofibrate and LYS518674 act exclusively
through PPAR« in hepatocytes for increasing ABCA1 and the
HDL biogenesis. On the other hand, bezafibrate and gem-
fibrozil act also through PPARB/& and PPARy for these
reactions. However, cholesterol-enrichment in HDL may be

FIGURE 3. A role for PPARu in the A

upregulated by extra-PPARa pathways. even by fenofibrate
and LYS18674,

DISCUSSION

Actions of clinically used fibrates for HDL biogenesis by
hepatoeytes were investigated by using HepG2 cells and mouse
primary hepatocytes. Fenofibrate, bezafibrate, gemfibrozil, and
LY518674 were all active in increasing ABCAI expression
and HDL biogenesis dependent on PPARa. Fenofibrate and
LY518674 exclusively use PPARa for ABCA| expression and
HDL biogenesis, On the other hand, actions of bezafibrate
and gemfibrozil apparently involve extra-PPARa pathways as
some of their effects remain after knockdown of the PPAR«
expression in HepG2 cells and in the hepatoeytes derived from
Ppara-null mice. However, knockdown of the PPARB/G gene
resulted in decrease of HDL cholesterol release by fenofibrate
and LY518674 without changing HDL-phospholipid release
and ABCA expression, while it reduced release of both HDL
cholesterol and HDL phospholipid and ABCA| expression by
gemfibrozil. When PPARy was knocked down, increase of HDL
cholesterol release by bezafibrate was markedly reduced and
that by fenofibrate was slightly suppressed without changing
ABCAI expression and release of HDL-phospholipid. Thus,
there may be a specific mechanism(s) for increase of HDL
cholesterol through B/6 or v subtypes of PPAR used by some
fibrates, being independent of the PPARa pathway. Multiple
knockdown of the PPARs indicated that bezafibrate and gem-
fibrozil potentially mediate their effects through PPARB/S and
PPARY for the increase in ABCA| expression and accordingly
HDL biogenesis.

It should be noted that the increase in ABCA| by beza-
fibrate and gemfibrozil was not reflected in HDL biogenesis in
primary hepatocytes isolated from the Ppara-null mice for
unknown reasons. Biogenesis of HDL is a complicated reac-
tion involving many factors, so that inborn deficiency of the
PPARa gene may cause some other alteration of these factors
of the HDL assembly machinery. Indeed, the baseline secretion
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the treatment of HepG2 cells were the
same as the experiments above with siRNA
and fibrates, except for the double or
triple knockdown of the PPARs. The effects
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fibrate (FN), bezafibrate (BZ), gemfibrozil
(GM), and LY518674 (LY)] at 30 pM. The
conditioned medium was analyzed for
the HDL-cholesterol and -phospholipid,
Expression of ABCA1 mRNA was deter-
mined by quantitative PCR. The results
were normalized by the mRNA levels of
B-actin. The values represent mean + SD
for three determinations (*P < 0.05,
**P < 0.01 from control). B, Western
blotting of ABCA1 of the bulk membrane
of the HepG2 cells conditioned as above,
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of HDL was much lower by these cells than that by the
hepatocytes from the wild-type mice.

It was previously shown that LXRa expression is
increased in extrahepatic cells by Wy 146437 and fenofibrate '
and that fenofibrate increases ABCAL cexpression by an
LXRa-dependent mechanism.'® It should also be noted that
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fenofibrate ester, a pro-drug for fenofibrate, directly activates
LXRa,™ although this compound was not used in such a
form in this study, All fibrates examined increased LXRa
expression in HepG2 cells (Fig. 2), so that the LXRo
pathway is likely used by these drugs to activate ABCAL in
the liver.

O 2008 Lippincott Williams & Wilkins




| Cardiovasc Pharmacol™ = Volume 51, Number 3, March 2008

Effects of Fibrates on HOL Biogenesis in Hepatocytes

Fibrates are widely used drugs for reducing plasma TG-
rich lipoproteins and are expected to reduce the risk of
atherosclerotic vascular discase as high plasma TG is one of the
major risk factors for atherosclerosis including coronary heart
diseases.” The reason for the increased risk by high TG is not
exactly clear. At least two major factors seem 1o be involved.
First, some of the TG-rich lipoproteins may be directly ath-
erogenie, such as remnant lipoproteins and VLDL, especially
apol-rich particles in such categories.”® Sccond, sccondary
remodeling of lipoprotein profiles caused by high TG and
cholesteryl ester transfer protein (CETP) reaction such as
generation of small and cholesterol-poor HDL and generation
of “small-dense LDL."* Reduction of TG by fibrate reduces
the atherogenic TG-rich lipoprotein and reverses undesirable
change of lipoprotein profile caused by high TG. In addition,
fibrates were also shown to increase HDL independently of the
reduction of TG.'™'® Large-scale clinical trials demonstrated
that reduction of the elevated plasma TG prevented the
coronary heart events, secondary or primary, by bezafibrate,'”
gemfibrozil,*® and fenofibrate.™

It is not exactly clear if this is due to reduction of the
TG-nich atherogenic lipoprotein or to improvement of other
undesirable aspects of the lipoprotein profile. However,
attempt at statistical analysis of the data of these trials may
suggest that the increase in HDL-cholesterol is an independent
factor contributing the risk reduction.’

Fibrates are known as PPAR« agonists and induce genes
related to fatty acid metabolism, in particular B-oxidation.'
This is also a primary underlying mechanism for upregulation
of the HDL-related genes by these drugs.'®'**" However.
PPARR/6 and PPARy are also reported to be involved in the
upregulation of HDL-related genes and increase HDL
biogenesis.''***'" Fibrate may have agonist activity for
other PPARs than PPAR«, so that a part of their direct effects
on HDL biogenesis may be related to such a broader spectrum
of agonist activity,

The present study showed that, in hepatocytes as the
major source of plasma HDL, fenofibrate, and LY518674 are
rather exclusive agonists of PPAR« for expression of ABCAI
and may have a specific function to enrich the HDL with
cholesterol in addition to stimulate the biogenesis of HDL
particles. On the other hand, bezafibrate and gemfibrozil seem
to have pathways in addition to PPAR« activation to increase
HDL biogenesis. Bezafibrate seems to use preferably PPARy
and gemfibrozil rather use PPARB/8, although such sclectivity
does not seem exclusive. These findings add new insight to
understanding the underlying mechanism for the increase of
HDL and the antiatherogenic effects of fibrates, especially for
their differential evaluation for their clinical endpoints

It was recently reported that ABCALI is regulated by the
dual mechanism in hepatocytes by LXRa and SREBP2,
perhaps to prevent the retumed cholesterol to the liver from
reentry to the systemic circulation.* However, the present study
showed that direct activation of the LXR system still increases
ABCAI expression and HDL biogenesis in hepatocytes.

ACKNOWLEDGMENTS
We are grateful ro Dr. Sumiko Abe-Dohmae for estab-
lishing ABCAIl null mice strain with CS57BL/6 genenic

© 2008 Lippincott Williams & Wilkins

background, We thank Fumihiko Kobayashi, a medical student
of Nagova City University. who dedicated himself to this
project for technical support, and John Bucklev. National
Institwes of Health, for supporting international shipment of
the experimental animals.

REFERENCES

1. Gl JA. The lecithin: chol 1 acyl i

1968,9:155-167

Fielding C), Fielding PE. Molecular physiology of reverse cholesterol

transport. J Lipid Res. 1995;36:211-228.

Basso K, Freeman I_ Knapper CL, et al. Role of the hepatic ABCA|

ransy n | and plasma HDL

cholesterol concentrations, ./ Lapid Res. 2003:44:296-302,

Timmins JM, Lee JY, lloud)gu:nab et al. Targeted inactivation of hepatic

Abcal causes profound hypoal and kidney hyperca-

tabolism of apoA-1. J Clin fnvest. "I.NJS 115:1333-1342,

Tomimoto S, ‘lsupla M, ()Iumn]n M, et al. Effect of probucol in Im!!nn-

chol ol weyl deficient mice: inhibition of 2 ind

cellular cholesterol-releasing pathways in vivo, Arterioscler Thromb Vase

Biol. 2001,21:394-400.

Tsujita M, Wu C, Abe-Dohmae S, et al. On the hepatic mechanism of

HDL assembly by the ABCAl/apoA-1 pathway. J Lipid Res. 2005:46:

154-162.

Zheng H, Kiss RS, Franklin ¥, et al. Apoa -1 Ilpldannn i primary mouse

hepatocytes, Separate controls for p holipid and ch

J Biol Chem. 2005:280:21612-21621.

Okamoto H, Yonemori F, Wakitani K, et al. A cholesteryl ester transfer

protein inhibitor attenuates atherosclerosis in rabbits. Namure, 2000,406:

203-207

Claudel T, Leibowitz MD, Fievet C, ¢t al. Reduction of atherosclerosis in

apolipoprotein E knockoul mice by activation of the retinoid X receptor.

Proc Natl Acad Sci USA. 2001;98:2610-2615.

10. Joseph SB, McKilligin E, Pei L, et al. Synthetic LXR hgand ihibits the
development of atherosclerosis in mice. Proc Natl Acad Sci USA. 2002;
99:7604-7609

11, Wallace JM, Schwarz M, Coward P, et al. Effects of peroxisome
proliferator-activated Ipha/delta agonists on HDL-cholesterol in
vervel monkeys, S Lipid .Rﬂ 2()(‘)‘5 46: 10091016,

12, Graham TL, Mookherjee C, Suckling KE, et al. The PPARdclta agonist
GWO0742X reduces atherosclerosis in LDLR{ =/ =) mice. Atherosclenosis.
2005;181:29-37.

13. Swaels B, Dallongeville J, Auwerx J, et al. Mechanism of action of fibrates
on lipid and lipoprotein metabolism. Circulation, 1998,98:2088-2003

14, Faergeman O. Hypertriglyceridemia and the fibrate tials. Curr Opin
Lipidol. 2000;1 1:609-614,

15, Ko KW, Ohnishi T, Yokoyama S, Triglyceride transfer is required for net
cholesteryl ester transfer between lipaproteins in plasma by llprd lrms,lcf
protein. Evidence fora hetero ge transfer mect de
by using novel monoclonal antibodies, J Biol Chem. 1994269 18"[!6—
28213,

16. Staels B, Auwerx J. Regulation of apo A-l gene expression by fibrates.
Atherosclerosis. 1998;137:519-823.

17. Chinetti G, Lestavel S, H.ndn:r V. et al. PPAR-alpha and PPAR-gamma

induce chol I I from human macrophage foam cells
through stimulation of the ABCA|1 pathway, Nat Med. 2001:]

I8, Arakawa R, Tamchiro N, Nishimaki-Mogami T, ¢t al. Fenofibric acid, an
active form of fenofibrate. increases apolipoprotein A-l-mediated high-
density lipoprotein biogenesis by enhancing transcription of ATP-hinding
cassette transporter Al gene in a liver X receptor-dependent manner
Arteriascler Thromb Vase Biol. 2005,25:1193-1197.

19 Kersten S, Desvergne B, Wahli W Roles of PPARs in health and disease.
Nature. 2000:405:421-424.

20. Issemann 1. Green S. Activation of a member of the sieroid hormone

receptor superfamily by peroxisome proliferators. Nature. 1990347

645-650

Dreyer C, Krey G, Keller H, et al, Control of the peroxisomal beta-

oxidation pathway by a novel family of nuclear hormone receptors. Cell

1992:68:879-887

reaction. J Lipid Res.

i

P

e
palic ¢

.“

[

&

~3

o=

-3

b

265

— 157




Hossain ef al

| Cardiovasc Pharmacol™ = Volume 51, Number 3, March 2008

. Kliewer SA, Forman BM, Blumberg B3, et al. Differenuial expression and
activaion of a family of murine peroxisome proliferator-activated
receptors. Proc Natl Acad Sci USA. 1994.91:7355-7150

. Peters JM, Cheung C, Gonzalez F). Peroxisome proliferator-activated
receptor-alpha and liver cancer: where do we stand? J Mol Med. 2005.83:

74-785
Hashimoto T, Cook WS, (i C, et al. Defect in peroxisome proliferator-
activated receptor alpha-inducible fany acid oxidation determines the
seventy of hepatic steatosis in response to fasting. ./ Biol Chem. 2000275
28918-28928

. Tomonoz P Hu E, Spicgelman BM. Regulation of adipocyte gene
expression and  differentiation by peroxisome proliferator activated
receplor gamma, Curr Opin Genet Dev. 1995.5:571-576.

Wang ¥X. Lee CH. Tiep S, @ al. Peroxisome-proliferator-activated
receptor delta activates far metabolism to prevent obesity. Cell. 2003;113:
159-170.

Schoonjans K, Staels B, Auwerx J. Rale of the peroxisome proliferator-
activated receptor (PPAR) in mediating the effects of fibrates and faity
acids on gene expression, J Lipid Res 1996,37:907-925

- Peters IM, Aoyama T, Bums AM, et al. Bezafibrate is a dual ligand for
PPARalpha and PPARbeta: studies using null mice. Biochim Biophys
Acta. 2003;1632:80-89,

. Tenenbaum A, Motro M, Fisman EZ. Dual and pan-peroxisome
proliferator-activated receptors (PPAR) co-agonism: the bezafibrate
lessons. Cardiovase Diabetol. 2005,16:4-14

30. Singh JP, Kauffman R, Bensch W, ct al. Identification of a novel selective

peroxisome proliferator-activated receptor alpha agomist, 2-methyl-2-
(4-{ 3-[1 {4-methylbenzy |} 5-0x0-4, 5-dihydro-1H- 1,2 4-nazol-3-yl jpropyl |
phenoxy Jpropanoic acid (LY518674), that produces marked changes in
serum lipids and apolipoprotein A-| expression, Mol Pharmacol, 2008,
68:763-768.

Xu Y, Mayhugh D, Saeed A, et al. Design and synihesis of & potent and

selective triazolone-based peroxisome  proliferator-activated  receptor
alpha agonist. J Med Chem. 2003;46:5121-5124,

Lee S8, Pincau T, Drago J. et al. Targeted disruption of the alpha isoform
of the peroxisome proliferator-activated receptor gene in mice results in
abolishment of the pleiotropic effects of peroxisome proliferators. Mol
Cell Biol. 199515:3012-3022.

33, MeNesh ), Aiello R, Guyot D, et al. High density ipoprotein deficiency

and foam cell accumulation in mice with targeted disruption of ATP-
binding cassetie transporter-1. Proc Narl Acad Sei. 2000097:4245-4250.
Thomas J, Bramlett KS, Montrose C, et al. A chemical switch regulates
fibrate specificity for peroxisome proliferator-activated receptor (PPAR)
versus liver X receptor. J Biol Chem. 2003;278:2403-2410

5. Chapman M Fibrates in 2003 therapeutic action in atherogenic
dyslipidaemia and future perspectives. Atherosclernsis. 2003;171:1-13
Kok T, Waolters H, Bloks VW, et al. Induction of hepatic ABC transporter
expression is part of the PPARalpha-mediated fasting response in the
mouse. Gastroenterology. 2003;124: 160-171.
Secondary  prevention by raising HDL  cholesierol and  reducing
nglycerides in patients with coronary artery discase: the Bezafibrate
Infarction Prevention (BIP) study. Circulation. 2000:102:21-27,
Rubins HB, Robins SJ, Collins D, et al. Gemfibrozil for the secondary
prevention of coronary heart disease in men with low levels of high-density
lipaprotein cholesterol, Veterans Affairs High-Density Lipoprotein Cho-
lesteral Intervention Trial Study Group. N Engl J Med. 1999;:341:410-418.
Keech A, Simes RJ, Barter P, et al. Effects of long-term fenofibrate therapy
on cardiovascular events in 9795 people with type 2 diabetes mellis (the
FIELD study): randomised controlled trial. Lancer. 2005;366:1849-1861

. Lefebvre P Chinetti G, Fruchart JC, et al. Sorting out the roles of PPAR
alpha in energy metabolism and vascular homeostasis. J Clin Invest. 2006,
116:571-580.
Oliver WR Ir, Shenk JL, Snaith MR, et al. A selective [h!rr.nhamr:
proliferator-activated receptor delin agonisi p s everse choles
transport, Proc Narl Acad Sei t/SA. 2001;98:5306-5311,
Bisgaier CL, Essenburg AD, Bamett BC, ¢t al. A novel compound that
clevates high density lipoprotein and activates the peroxisome proliferator
activated receptor. J Lipid Res. 1998.39:17-30,
Han J, Hajjar DP, Zhou X, et al. Regulation of peroxisome proliferator-
activated receplor-gamma-mediated gene expression. A new mechanism of
action for high density lipoprotein. ./ Biol Chem. 2002;277:23582-23586

. Tamehiro N, Shigemoto-Mogami Y, Kakeya T, et al. Sterol regulatory
element-binding protein-2- and liver X receptor-driven dual promoter
regulation of hepatic ABC transporter Al gene expression: mechanism
underlying the umque response to cellular cholesterol status, J Biol Chem
2007.282:21090-21099

T 2008 Lippincott Williams & Wilkins

— 158 —



