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Abstract Treatment of atherosclerotic disease often fo-
cuses on reducing plasma LDIL-cholesterol or increasing
plasma HDL-cholesterol. We examined in vitro the effects
on HDL receptor [scavenger receptor class B type I (SR-BI)]
activity of three classes of clinical and experimental plasma
HDL-cholesterol-elevating compounds: niacin, fibrates, and
HDL376. Fenofibrate (FF) and HDL376 were potent (ICs
~ 1 uM), direct inhibitors of SR-BI-mediated lipid transport
in cells and in liposomes reconstituted with purified SR-BI.
FF, a prodrug, was a more potent inhibitor of SR-BI than an
activator of peroxisome proliferator-activated receptor «, a
target of its active fenofibric acid (FFA) derivative. Never-
theless, FFA, four other fibrates (clofibrate, gemfibrozil,
ciprofibrate, and bezafibrate), and niacin had little, if any,
effect on SR-BI, suggesting that they do not directly target
SR-BI in vivo. However, similarities of HDL376 treatment
and SR-BI gene knockout on HDL metabolism in vivo
(increased HDL-cholesterol and HDL particle sizes) and
structure-activity relationship analysis suggest that SR-BI
may be a target of HDL376 in vivo.lilf HDL376 and other
inhibitors may help elucidate SR-BI function in diverse
mammalian models and determine the therapeutic potential
of SR-Bl-directed pharmaceuticals.—Nieland, T. J. F,,
J. T. Shaw, F. A. Jaipuri, Z. Maliga, J. L. Duffner, A. N.
Koehler, and M. Krieger. Influence of HDL-cholesterol-
elevating drugs on the in vitro activity of the HDL receptor
SR-BL. J. Lipid Res. 2007. 48: 1832-1845.
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Cardiovascular disease is the principal killer in Western
industrialized societies. In the United States, ~76% of car-
diovascular disease is attributed to coronary heart disease,
stroke, and heart failure (1). Occlusive and unstable ath-
erosclerosis is a major cause of cardiovascular disease.
Epidemiologic and interventional studies have clearly es-
tablished the critical role of lipoprotein metabolism in
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atherosclerotic disease, in which risk increases with plasma
levels of LDL-cholesterol and is inversely proportional
to HDIL-cholesterol (2). Understanding receptor-mediated
LDL metabolism (3) has led to profound insights into basic
biological mechanisms and key clinical advances, such as
the introduction of HMG-CoA reductase inhibitor (statin)
therapy (4). The success of LDL-cholesterol-lowering ther-
apy has stimulated increased interest in HDL-cholesterol-
directed approaches. Several HDL-cholesterol-elevating
drugs are currently available or under development (5, 6).
Some of the most widely used HDL-cholesterol-elevating
drugs in the clinic include statins (~5-10% increase),
fibrates [peroxisome proliferator-activated receptor o
(PPAR«) agonists; ~5-20% increase], and nicotinic acid
or niacin (uncertain mechanism; ~15-35% increase). Un-
fortunately, results in recent clinical trials of another HDL-
cholesterol-elevating agent, the cholesteryl ester transfer
protein (CETP) inhibitor torcetrapib, were disappointing
(7-9), casting uncertainty on the future of CETP as a tar-
get for pharmacotherapy.

The identification of the scavenger receptor class B
type I (SR-BI) as an HDL receptor (10, 11) has raised the
possibility that agents modulating SR-BI activity or expres-
sion levels might represent attractive candidates for HDL-
cholesterol-directed therapies (11-13). In addition to its
HDL receptor activity, SR-BI can function as a receptor for
other lipoproteins, including LDL (14) and chylomicrons
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(15, 16). SR-BI binds HDL primarily via HDL’s main protein
component, apolipoprotein A-I (17). SR-BI-mediated de-
livery to cells of HDL-cholesterol occurs via selective lipid
uptake, a two-step process involving HDL binding followed
by a lipid transfer step (18-21) that differs from classic
LDL receptor-mediated endocytosis via clathrin-coated
pits (3). After HDL binds to SR-BI, HDL-cholesterol (pri-
marily cholesteryl ester but also unesterified cholesterol) is
transferred to the cells, and then the lipid-depleted HDL
particles dissociate and reenter the extracellular space.
SR-BI can also mediate unesterified cholesterol efflux from
cells to HDL (22). We have previously identified a set of
small molecules, called blockers of lipid transport (BLTs),
that inhibit both cellular SR-BI-mediated selective lipid
uptake from HDL and cholesterol efflux to HDL yet in-
crease the affinity of HDL binding to SR-BI (12, 13). Ata
fixed HDL concentration below the dissociation constant
(K,) theincrease in affinityis readily observed as an increase
in net HDL binding. The molecular target(s) of the BLTs
has notyetbeen reported. BLTs are currently being used to
explore the detailed mechanism underlying SR-BI's multi-
ple activities (12, 13, 23-40).

Numerous genetic studies in mice have established that
SR-BI plays a key role in murine HDL metabolism (11).
For example, adenovirus-mediated hepatic overexpression
of SR-BI dramatically decreases plasma HDL-cholesterol
(41). Complete loss of SR-BI expression by homozygous
gene inactivation increases both plasma HDL-cholesterol
level (~2-fold) and HDL particle size (42). A tissue-specific,
~95% reduction in hepatic SR-BI protein level attribut-
able to targeted disruption of the gene encoding a cyto-
plasmic adaptor protein, PDZKI, which binds to the C
terminus of SR-BI (43), increases both HDL-cholesterol
level (~1.5- to 1.7-fold) and HDL particle size (44). The
influence of SR-BI on murine atherosclerosis has been ex-
amined in both the LDL receptor and apoE knockout
models. Hepatic overexpression of SR-BI suppresses and
loss of SR-BI expression enhances atherosclerosis in these
models (45-55). The atheroprotective activity of SR-BI,
even though its expression decreases plasma HDL-
cholesterol levels, suggests that SR-BI's role in reverse
cholesterol transport (the movement of cholesterol from
peripheral tissues to the liver and then excretion in the
bile) may contribute to its protective activity in mice. The
physiologic role of SR-BI in HDL metabolism is probably
conserved among mammals; however, supporting data in
species less genetically tractable than mice are very limited.
Thus, it is not known whether the atheroprotective effects
of SR-BI in mice, associated with reduced HDL-cholesterol
levels, would be exhibited in humans, in which HDL
metabolism differs and reduced HDL-cholesterol levels
are associated with increased risk (56).

In this study, we explored in cultured cells and in
an in vitro system of highly purified SR-BI reconstituted
in liposomes the possibility that some of the in vivo
plasma HDL-cholesterol-elevating activities of three
classes of drugs might be attributable to their ability
to inhibit SR-BI directly. These drugs included niacin
(Fig. 1A) and members of the fibrate family (Fig. 1B-G)
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such as gemfibrozil, drugs currently in use in humans as
indicated above. Our results suggest that SR-BI is not a
direct target of these drugs in vivo. Although the prodrug
fenofibrate (FF) does inhibit SR-BI in vitro, it is rapidly
hydrolyzed to fenofibric acid (FFA) in vivo (reviewed in
Ref. 57). Because we show here that FFA does not inhibit
SR-BI in vitro, it is highly unlikely that the in vivo HDL-
cholesterol-elevating activity of FF involves the inhibition
of SR-BI.

We also studied an experimental compound called
HDL376 [N-(5-chloro-2-methyphenyl)-N’-(1-methylethyl)-
thiourea] (58, 59) (Fig. 1H). HDL376 was discovered in an
in vivo screen designed to identify novel drugs that in-
crease plasma HDL-cholesterol levels in rats (58, 59). It
also increases plasma HDL-cholesterol levels in hamsters
and dogs, two species not sensitive to gemfibrozil, and in
rhesus and cynomolgus monkeys (58, 59). The HDL376-
induced percentage increases in HDL-cholesterol varied
from 15% (chow-fed hamsters at 64 mg/kg/day) to 100%
(chow-fed cynomolgus monkeys at 12 mg/kg/day) (58).
Furthermore, it increases HDL particle size in rhesus
monkeys (59), and a similar compound (Fig. 1], com-
pound 2) has the same effect in rats (58). Importantly,
HDL376 has been reported to increase serum HDL-
cholesterol levels in healthy humans [~13% after 7 days of
treatment at 100 mg/day (59)] to about the same extent
as seen with statins and the fibrates (see above). These
data, together with the report that HDL376 does not ap-
pear to act as a PPARa or PPARS agonist (58), indicate that
the mechanism by which HDL376 increases plasma HDL-
cholesterol, which has been undefined to date, differs
from that of the fibrates.

The similarities of the effects on plasma HDL of either
HDL376 treatment or dramatically decreasing hepatic
SR-BI activity by genetic manipulation (SR-BI or PDZKI
knockout mice) led us to hypothesize that it might be an
SR-BI inhibitor; thus, we included HDL376 in this study.
We found that HDL376 does inhibit SR-BI-mediated
lipid transport in cells and in liposomes containing pu-
rified SR-BI and that HDL376 behaves as a BLT-like
drug. This raises the possibility that some of its in vivo
HDL-cholesterol-elevating activity may be attributable
to inhibition of SR-BI. Our results underscore the po-
tential usefulness of HDL376 for the in vivo study of
SR-BI function in animals that are not easily amena-
ble to genetic studies, such as targeted gene inactivation,
and raise the possibility that modulators of SR-BI activ-
ity in vivo may lead to the development of novel HDL-
elevating therapeutics.

MATERIALS AND METHODS

Compounds

FF, clofibrate, ciprofibrate, gemfibrozil, bezafibrate, and niacin
were obtained from Sigma. FFA was obtained from Biofine Inter-
national (Vancouver, Canada). HDL376 and HDL376U were syn-
thesized as described below. Stock solutions of all compounds were
dissolved in DMSO at concentrations ranging from 25 to 500 mM.

1833



1834

A Niacin
0
A OH

—

Fibrate Family

B Fenofibrate C Fenofibric acid
o] o)
O TS o, 0T 15
: D oy
O CH; o]
D Clofibrate E Gemfibrozil
cl CH; H,C CH,
\©\“3° CH, OM(OH
o )\(OVCH:,
o
o
CH;,

F Ciprofibrate G Bezafibrate
o cl

Cl H;C CH; H

o o) >:\[(OH
0 0
o

HDL376 Family
H HDL376 | HDL376U

cl

Cl
1 QLA
CH CH
3

CH; CH; CH;
J ‘Compound 2’ K ‘Compound 11’
cl cl
s o]
N)J\N/\/OH N)J\N/\/OH
H H H H
CH; CH;

Fig. 1. Structures of drugs that increase plasma HDL-cholesterol levels and related compounds. A: Niacin.
B-G: Fibrates. H-K: HDL376, a thiourea (58, 59, 75, 79); HDL376U, urea derivative of HDL376; and two
related compounds, compound 2 (58, 59, 75, 79) [also called SDZ 45-904 (58, 59)] and compound 11 (75).
The esters fenofibrate (FF) (B) and clofibrate (D) are considered to be prodrugs that are hydrolyzed in the
body to form carboxylic acid, active, peroxisome proliferator-activated receptor a agonists. As is the case for
HDL376, compound 2 (]) increases plasma HDL-cholesterol levels and HDL particle sizes in rat, whereas its
urea derivative compound 11 (K) does not exhibit this activity (75).
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Synthesis and chemical characterization of HDL376
and HDL376U

HDL376: N-(5-chloro-2-methyphenyl)-N"-(1-methylethyl)-thiourea.
Isobutylamine (0.110 ml, 1.09 mmol) was added to a solution of
5-chloro-2-methylphenyl isothiocyanate (0.200 g, 1.09 mmol) in
dichloromethane (6 ml) and stirred for 1 h, all at room tem-
perature. The mixture was filtered to yield the product as a white
solid (0.263 g, 94%): "H NMR (300 MHz, CDCls) & 7.99 (br s,
1H), 7.24-7.28 (m, 3H), 5.70 (brs, 1H), 3.41-3.45 (m, 2H), 2.27
(s, 3H), 1.84-1.93 (m, 1H), 0.88 (d, J = 6.6, 6H); 13C NMR
(75 MHz, CDCl3) 6 181.1, 135.5, 134.2, 132.7, 132.5, 128.5, 127.4,
52.8, 28.1, 20.1, 17.3; IR (thin film) 3,320, 2,975, 2,870, 1,632,
1,566, 1,479, 1,407, 1,238, 1,082, 814 cm ™ !; reverse-phase LC-MS
m/zfor C1sH7CINoS (M + H) " 258.9, retention time = 1.76 min.
LC-MS (Waters 2795/Micromass LCT) data for HDL376 and
HDL376U were collected using a 5:95 to 95:5 acetonitrile-water
(0.01% formic acid) solvent gradient on an XTerra column using
electrospray ionization.

HDL376U: N-(5-chloro-2-methyphenyl)-N"~( 1-methylethyl)-urea. Iso-
butylamine (0.600 ml, 5.95 mmol) was added to a solution of
5-chloro-2-methylphenyl isocyanate (1.00 g, 5.95 mmol) in »-
hexane (50 ml) and stirred for 1 h, all at room temperature.
The mixture was filtered to yield the product as a white solid
(138 g,93%): "H NMR (300 MHz, acetone-dg) & 8.26 (d, J = 2.1,
1H),7.33 (brs,1H),7.11 (d,/=8.1,1H), 6.87 (dd, /= 2.4,8.1, 1H),
6.27 (brs, 1H), 3.06 (dd, J = 6, 6.6, 2H), 2.19 (s, 3H), 1.71-1.84
(m, 1H), 0.92 (d, J = 6.6, 6H); '*C NMR (75 MHz, acetone-dg) &
155.8,140.7,132.1,131.9,125.3,122.0, 120.2,47.9,29.7,20.3, 17.5;
IR (thin film) 3,222, 2,956, 2,869, 1,530, 1,483, 1,407, 1,363, 1,270,
1,206, 1,149, 1,124, 1,084, 1,036, 995, 912, 809, 733 cm ™ !; reverse-
phase LC-MS m/z for C;9H;7CIN,O (M + H)" 242.9, retention
time = 1.76 min.

Lipoproteins and cells

Human HDL (density of ~1.09-1.16 g/ml) was isolated and la-
beled either with %I to label its protein constituents (1251-HDL)
or with [’H]cholesteryl oleyl ether (CE; [’H]CE-HDL) as de-
scribed previously (10, 14, 18, 60). Most experiments using in-
tact cells were conducted using two stable cell lines, 1dIA-7 and
1dIA[mSR-BI] cells. The 1dlA-7 cells are LDL receptor-deficient
Chinese hamster ovary cells that express very low levels of endog-
enous SR-BI (61), and 1dIA[mSR-BI] cells are 1d1A-7 cells stably
transfected with an expression vector in which murine SR-BI
(mSR-BI) ¢cDNA is under the control of a cytomegalovirus pro-
moter, which results in the expression of high levels of mSR-
BI (10). These cells were maintained in tissue culture medium
(Ham’s F12 supplemented with 5% fetal bovine serum, 2 mM
L-glutamine, 50 U/ml penicillin, 50 pwg/ml streptomycin, and,
for IdIA[mSR-BI] cells only, 0.25 mg/ml G418) (10).

In a few control experiments, we examined the effects of FF
and HDL376 on the HDL lipid uptake activity using Y1-BS1 cells,
in which endogenous, rather than recombinant, SR-BI is ex-
pressed. Y1-BS1 cells are cultured murine adenocortical cells that
express high levels of endogenous SR-BI on stimulation with
adrenocorticotropic hormone (ACTH) (62, 63). All experiments
with cultured cells were conducted at 37°C.

Cellular lipid transport and '*’LHDL binding assays
Assays for the uptake of [*H]CE from [*H]CE-HDL, efflux of
[3H]cholesterol from labeled cells, and 125 HDL binding were
performed using 1dIA[mSR-BI] cells and control untransfected
1d1A-7 cells as described previously (10, 13, 14, 18, 60). For uptake
and binding assays, cells were seeded on 24-well plates on day 0 in
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tissue culture medium at a density of 75,000 cells per well. Assays
were performed on day 2. For efflux assays, cells were seeded on
day 0 on 24-well plates at a density of 50,000 cells per well in the
same medium. On day 1, the medium was replaced with Ham’s
F12 medium supplemented with 10% bovine lipoprotein-
deficient serum, 1 pCi/ml [1,2-*H]cholesterol (40-60 Ci/mmol;
NEN Life Science), 2 mM 1-glutamine, 50 U/ml penicillin, 50 pg/ml
streptomycin, and, for 1dIA[mSR-BI] cells only, 0.25 mg/ml
G418. On day 3, the cells were washed twice in Ham’s F12 me-
dium without any supplements and then cultured for another
24 h in tissue culture medium in which fetal bovine serum was
replaced with 1% fatty acid-free (FAF) BSA (Sigma catalog
No. A6003). The efflux assay was performed on day 4. On the day
of the uptake, binding, or efflux assay, cells were washed twice
with Ham’s F12 without supplements and then preincubated
for 1 h at 37°C with compounds at the indicated concentrations
in assay medium (Ham’s F12, 0.5% DMSO, and 25 mM HEPES,
pH 7.4) containing 0.5% (w/v) of either albumin (hereafter
referred to as BSA; Sigma catalog No. A3059) derived from whole
bovine serum (medium A; standard conditions) or y-globulin
(Sigma catalog No. G9887) from sheep (medium B; data not
shown) for selective uptake and binding experiments or 0.5%
FAF BSA for efflux assays (medium C). Subsequently, the cells
were incubated for an additional 2 h with the same concen-
trations of small molecules and with the indicated concentra-
tions of '*’I-HDL (binding), [3H]CE-HDL (uptake), or unlabeled
HDL (efflux).

For all experiments, the values presented were normalized
so that 100% of control represents receptor-specific activity in
1dIA[mSR-BI] cells in the presence of 0.5% DMSO without com-
pounds. For selective uptake, binding, and efflux assays, 0% ac-
tivity was defined as the activity determined in 1dIA-7 cells. The
amount of cell-associated [PH]CE is expressed as the equivalent
amount of [SH]CE-HDL protein (ng) to permit direct comparison
of the relative amounts of '*’ILHDL binding and [*H]CE uptake
(64). Data analysis was performed using GraphPad Prism4 soft-
ware from GraphPad Software, Inc. (San Diego, CA). I1Cs, values
are those concentrations of the compounds that caused a half-
maximal inhibition of SR-Bl-mediated lipid transport. ECy, values
are those concentrations of the compounds that caused a half-
maximal increase in '*I-HDL binding. All selective uptake and
binding data presented are representative of results from three or
more independent experiments, and the values presented are
means of duplicate determinations. For cholesterol efflux assays,
the average results from two or three independent experiments
are shown.

To determine whether the HDL or the cells were the target of
FF or HDL376, in some experiments we preincubated either the
cells or "*ILHDL with the compounds and then the compounds
were subsequently removed by washing or dilution before per-
forming the binding assays in the absence of the compounds. In
this modified protocol, we tested whether cells are the targets
by preincubating 1dIA[mSR-BI] or 1dIA7 cells at 37°C for 1 h
with the indicated concentrations of compound in medium D
(medium B containing 0.5% DMSO). In the case of HDL376 and
BLT-1, the cells where then quickly rinsed (three times). In the
case of FF, cells were washed three times every 5 min, for a total of
nine washes. Cells were then incubated for 1 h in assay medium D
(without compound) and 10 pg protein/ml "**ILHDL. To test
whether HDL is the target, 1251 HDL was preincubated at 37°C
at a concentration of 3.7 mg protein/ml with the indicated con-
centrations of compounds in HDL buffer (150 mmol/1 NaCl,
0.24 mmol/1 EDTA, pH 7.4, 0.5% DMSO, and 0.5% globulin),
after which the mixture was diluted in assay medium D to a final
concentration of 10 pug protein/ml IBLHDL and added to cells
not exposed previously to compound for an additional 1 h. At the
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end of the 1 h incubation, cellular '*I-HDL binding was mea-
sured as described above.

In some experiments, uptake of the fluorescent lipid 1,1
dioctadecyl-3,3,3’,3 -tetramethylindocarbocyanine perchlorate
(Dil) from Dil-HDL was measured to assess the ability of FF
and HDL376 to inhibit endogenous cellular SR-BI activity in
Y1-BS1 cells. In these experiments on day 0, murine adrenal
cortical Y1-BS1 cells were seeded at 100,000 cells per well in
RPMI medium supplemented with 10% fetal bovine serum,
2 mM 1-glutamine, 50 U/ml penicillin, and 50 pg/ml strepto-
mycin. On day 1, 1dIA[mSR-BI] and 1dIA-7 cells were seeded at
50,000 cells per well as described above. On day 2, Y1-BS1 cells
were treated with 1 uM ACTH (Sigma-Aldrich) to induce the ex-
pression of endogenous SR-BI. On day 3, all cells were washed
twice with RPMI and 25 mM HEPES, pH 7.4, and preincubated
for 2 h at 37°C in assay medium E (RPMI, 25 mM HEPES,
pH 7.4, 0.5% sheep ~y-globulin, and 0.5% DMSO) with no ad-
ditions, 25 pM HDL376, 25 uM FF, or 1 pM BLT-1 in the
presence or absence 400 g protein/ml unlabeled HDL to
determine nonspecific background (unsaturable) Dil uptake.
Dil-HDL was then added for 2 h at 37°C at a final concentra-
tion of 10 wg/ml in the presence of the same amounts of com-
pound. Unincorporated Dil-HDL was removed by washing the
cells twice with ice-cold assay medium E without DMSO and
twice with ice-cold PBS. Cell-associated Dil fluorescence was
measured using a Spectramax GeminiXS plate reader from
Molecular Devices (excitation, 514 nm; emission, 575 nm). The
IdIA[mSR-BI] and 1dIA-7 cells and inclusion of BLT-1 (13) were
used as controls, and the results were as expected: Dil uptake
by IdIA[mSR-BI] cells was high and that by IdIA-7 cells was
low; BLT-1 inhibited the uptake of Dil by all of the cells (data
not shown).

Lipid transport and '*’LHDL binding assays in liposomes

For the purification of C-terminally epitope-tagged murine
SR-BI (mSR-BI-tl) with uniform, truncated Mlinked oligosac-
charide chains, we previously described the overexpression of
mSR-BI-t] in HEK293S cells, its single-step immunoaffinity puri-
fication to virtual homogeneity, the reconstitution of the
detergent-solubilized receptor into liposomes, and the in vitro
demonstration of SR-Bl-mediated '*I-HDL binding and selective
uptake of [*H]CE from [*H]CE-HDL in the reconstituted lipo-
somes (65). We used a similar approach in this study to examine
the potential direct effect of SR-BI lipid transport inhibitors on
thisreceptorin liposomes, butwith one keydifference (S. Banakos,
P. J. Reeves, V. Zannis, and M. Krieger, unpublished data). The
mSR-BI-t] was expressed in an N-acetylglucosaminyltransferase I
(GnTI)-defective HEK293S derivative, HEK293S GnTI(—), which
generates a glycoprotein with uniform, truncated Mlinked oligo-
saccharide chains under the control of a tetracycline-inducible
promoter (66, 67).

The mSR-BI-tl with truncated Mlinked chains was purified
and reconstituted into liposomes as described previously (65).
Briefly, 20 g of SR-BI (or an equivalent volume of protein-free
buffer to generate control liposomes that are devoid of SR-BI)
was reconstituted into liposomes by acetone precipitation. SR-BI
liposomes were washed once by resuspension of the acetone
precipitate in protein-free assay medium followed by a centrifu-
gation step for 25 min and 48,000 g at 4°C. The pellet was first
reconstituted in assay medium without protein, and then an
equal volume of assay medium with 1% FAF BSA was added
to yield liposomes at a nominal final concentration of ~18 ng
SR-BI/ml. In each reaction, 30 pl were preincubated together
with 30 pl of assay medium containing 0.5% FAF BSA, 1%
DMSO, and the indicated compounds for 60 min at 37°C. Sub-
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sequently, 20 pl of [*H]CE-HDL (five replicates per sample) or
1251-HDL (four replicates per sample) were added to a final con-
centration of 10 pg protein/ml. Incubation was continued for
4 h at 37°C, and then selective uptake of [*’H]CE into liposomes
and binding of "*’I-HDL to liposomes were determined using the
previously described filter binding assays (65). SR-Bl-specific ac-
tivity was determined by subtracting the uptake and binding
values in control liposomes from those in SR-BI-tl-containing
liposomes, and selective uptake values were determined as de-
scribed above for cellular assays. The 100% of control value rep-
resents receptor-specific activity in SR-BI-t1-containing liposomes
in the presence of 0.5% DMSO without compounds, and the 0%
of control value represents background selective uptake in con-
trol liposomes devoid of SR-BI-tl. For HDL376, HDL376U, FF,
and FFA, representative results from two or three independent
experiments are shown. For all other compounds, average results
of three independent experiments are shown.

Fluorescence microscopic analysis of intracellular
trafficking of transferrin

The effect on intracellular traffic of the two most potent
compounds found in this study, HDL376 and FF, was deter-
mined at compound concentrations of 50 uM (~50 times their
IC5p values) as described previously (13). Cells were seeded
on 24-well plates on day 0 in tissue culture medium at a density
of 75,000 cells/well. On day 2, 1dIA[mSR-BI] cells were incu-
bated for a total of 3 h with the drug in assay medium contain-
ing 0.5% (w/v) BSA, similar to experiments examining selective
uptake, binding, and efflux. During the last 30 min or 5 min,
Alexa-488-labeled transferrin (Molecular Probes; 50 pg/ml final
concentration) was added to the medium. Cells were chilled on
ice for 10 min, washed three times with PBS containing 1 mM
MgCl, and 0.1 mM CaCly (PBS+), and then fixed for 1 h on ice
with 4% (w/v) paraformaldehyde dissolved in PBS+. The para-
formaldehyde was quenched by the addition of 50 mM NH4CI
for 5 min at room temperature. Cells were imaged by epifluo-
rescence microscopy on a Nikon Eclipse TE200 inverted micro-
scope using a 60X, 1.4 numerical aperture oil-immersion objective.

Flow cytometric analysis of SR-BI cell surface expression

Cells were seeded on 24-well plates on day 0 in tissue culture
medium at a density of 75,000 cells per well. On day 2, cells were
incubated for 3 h in assay medium containing 0.5% (w/v) BSA
with or without compounds at the indicated concentrations. Cells
were then placed on ice and washed twice with PBS+, and the
levels of SR-BI surface expression in unfixed cells were deter-
mined by flow cytometry (13) using the SR-Bl-specific polyclonal
antibody KKB-1 [a kind gift of Karen Kozarsky (18)] and an
Alexa-488-labeled secondary goat anti-rabbit fluorescent anti-
body (Molecular Probes). The 0% of control values represent the
background binding of KKB-1 to 1dIA-7 cells, which typically was
<5% of the levels of SR-BI in 1dIA[mSR-BI] cells. In some cases
(data not shown), the flow cytometric results were confirmed
using compounds at concentrations up to 500 M and a fluores-
cence plate reader assay of antibody binding to determine sur-
face expression. Data presented are representative of results from
two independent experiments, and the values shown are means
of duplicate determinations.

Surface plasmon resonance analysis of compound binding
to BSA, FAF BSA, and +y-globulin

The affinity of the binding of compounds to bovine BSA,
bovine FAF BSA, and sheep <y-globulin was assessed by surface
plasmon resonance analysis on a BiaCore S51 instrument as de-
scribed previously for binding studies using human serum albu-



min (68-70). BSA, FAF BSA, and vy-globulin were diluted to
115 pg/ml in 10 mM acetate buffer, pH 5.0, and immobilized on
a BiaCore CM5 sensor chip using standard 1-ethyl-3-[3-dimethyl-
aminopropyl]carbodiimide hydrochloride/N-hydroxysuccini-
mide coupling chemistry (71). A total of 5,000-9,000 response
units (corresponding to ~1 pg protein/mm? sensor area) of BSA
and 5,000-9,000 response units of y-globulin were immobilized
on each sensor chip.

The binding assay was conducted twice in buffer TBS-P, pH 7.4
[25 mM Tris-HCI, 137 mM NaCl, 3 mM KCIl, and 0.005% (v/v)
P20 surfactant (BiaCore; catalog No. BR-100-54)] containing
either 2% (v/v) DMSO or 5% (v/v) DMSO. The only differences
observed with 2% (v/v) versus 5% (v/v) DMSO were seen with
HDL376 (no substantial binding at 2% to any of the proteins, low
binding with a K, of 150 pM at 5%, perhaps attributable to in-
creased HDL376 solubility). Compounds were tested using 4-fold
serial dilutions, starting at either 50 wM (to cover the lower con-
centration range, with 781 nM being the lowest dose tested) or at
200 uM (to cover the 50-200 uM range). Compounds were then
sequentially injected with an association time of 60 s, a dissocia-
tion time of 60 s, a flow rate of 30 pl/min, and an assay tem-
perature of 25°C. Naproxen and warfarin (both from Sigma)
were used as positive controls for serum albumin binding and
tested in the range of 381 nM to 200 wM. Data were analyzed
using Scrubber software (available from the University of Utah’s
Center for Biomolecular Interaction Analysis; http://www.cores.
utah.edu/interaction/). Data were double reference-subtracted
and normalized so that the theoretical maximum response
from the sensor equals 100 response units for each compound.
Equilibrium binding was evaluated and affinity was determined
using GraphPad Prism with a nonlinear regression one-site
binding model.

Statistical analysis

The statistical significance of differences was determined by a
two-tailed unpaired Student’s ttest. Differences were considered
significant at P < 0.05. Average values are presented * standard
error of the mean (SEM). Error bars in the figures represent
the SEM.

RESULTS

To determine the ability of HDL-cholesterol-elevating
drugs and their derivatives (structures in Fig. 1) to acutely
influence SR-BI activity in cultured cells, we used a trans-
fected cell line that stably expresses high levels of mSR-
BI under the control of a cytomegalovirus promoter,
1dIA[mSR-BI] (10), and the control, untransfected paren-
tal cell line, 1d1A-7, which expresses very little SR-BI (61).
We pretreated cells with varying concentrations of the
compounds. We then used standard assays conducted in
the presence of the same concentrations of compounds
to measure SR-Bl-mediated ¢) binding of 25 HDL (10), #i)
selective uptake of [3H]CE from [3H]CE-HDL (10), and
ui) efflux of cellular [3H]cholester01 to unlabeled HDL
(18, 22). We also used anti-mSR-BI antibody staining and
flow cytometry to determine whether the drug treatments
altered the surface expression of SR-BI (13). In some ex-
periments, we also included as a positive control the SR-BI
lipid transport inhibitor BLT-1 (13) to ensure that any
negative findings did not represent unanticipated aber-
rant behavior of the cells (data not shown).

The effects of niacin on SR-BI activity

Figure 2 shows that niacin at concentrations up to
500 uM had no effect on binding (Fig. 2A, open circles),
selective uptake (Fig. 2A, closed circles), efflux (Fig. 2B),
or the level of cell surface-expressed SR-BI (Fig. 2C).
Thus, it appears unlikely that niacin’s ability to increase
HDIL-cholesterol in vivo is the result of its direct influence
on SR-BI.

The effects of FF on SR-BI activity

Figure 3 shows the effects on SR-BI of six members of the
fibrate family of PPAR« agonists. Strikingly, FF (Fig. 1B),
the isopropyl ester prodrug of FFA (Fig. 1C), altered
SR-BI’s activities in a manner similar to that described
previously for BLTs (12, 13). FF inhibited SR-BI-mediated
cellular selective uptake of [®H]CE from [°PH]CE-HDL
with an ICsp of ~1.2 = 1.5 uM while inducing increased
125 HDL binding (EC5p ~ 4.1 pM at a 1251 HDL concen-
tration of 10 wg protein/ml) (Fig. 3A, top). FF also in-
hibited SR-BI-mediated efflux of [3H]cholesterol to HDL
(Fig. 3B, FF). Notably, the ICs5o for SR-BI inhibition of
selective uptake is as much as 100-fold lower than the re-
ported ECs5( values for the activation of PPARa-dependent
transcription in cells (72, 73), suggesting that FF’s effect
on SR-BI is uncoupled from PPARa-mediated transcrip-
tional regulation.

We also tested FF inhibition of HDL lipid uptake in a
distinct cell system in which endogenous, rather than re-
combinant, SR-BI is expressed. We examined the effects
of fenfibrate on uptake of the fluorescent lipid Dil from
Dil-HDL in ACTH-treated Y1-BS1 cells, cultured murine
adenocortical cells that express high levels of endogenous
SR-BI on stimulation with ACTH (62, 63). We found that
FF (25 wM) inhibited receptor-dependent Dil uptake
(data not shown); thus, its inhibitory activity is not re-
stricted to SR-BI encoded by a transgene in Chinese ham-
ster ovary-derived cells.

To rule out the remote possibility that FF inhibited
SR-BI-mediated lipid transport by altering the surface ex-
pression of SR-BI, for example by altering rates of SR-BI
synthesis or degradation or its intracellular localization, we
performed flow cytometry experiments using antibodies
recognizing an extracellular epitope in SR-BI. Indeed, FF
did not reduce SR-BI-mediated lipid transport by altering
the level of cell surface-expressed SR-BI protein (Fig. 3C).
Furthermore, FF did not block the endocytosis of Alexa-
labeled transferrin, as determined by epifluorescence mi-
croscopy (data not shown; see Materials and Methods)
(13). Thus, the inhibitory effects of FF on SR-BI-mediated
lipid transport were specific, in that they were not attrib-
utable to a global inhibition of cell surface receptor activity
and intracellular membrane transport. These data raised
the possibility that FF may inhibit SR-Bl-mediated lipid
transport directly, rather than indirectly (e.g., by altering
other features of cellular cholesterol metabolism). Indeed,
studies of highly purified, epitope-tagged SR-BI (mSR-BI-t1)
incorporated into phospholipid/cholesterol liposomes (65)
showed that this is the case (Fig. 2D). The IC;, of FF for
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Fig. 2. Effects of niacin on scavenger receptor class B type I
(SR-BI) activity in cells. Cells (IdIA[mSR-BI] and 1dlA-7) were pre-
incubated for 1 h at 37°C in medium containing the indicated
concentrations of niacin. Subsequently, standard assays of SR-BI-
mediated selective uptake of [3H]cholesteryl oleyl ether (CE) from
[PH]CE-HDL (A), binding of '"*I-HDL (A), efflux of cellular unes-
terified [3H] cholesterol to unlabeled HDL (B; average of two exper-
iments), and the relative level of cell surface SR-BI determined
by flow cytometry (C) were performed in the presence of the same
concentration of niacin. The values were normalized so that 100%
of control represents receptor-specific activity in 1dIA[mSR-BI]
cells in the presence of 0.5% DMSO without compounds. For se-
lective uptake, binding, and efflux assays, 0% activity was defined as
the activity determined in 1dIA-7 cells, and for flow cytometry, the
0% of control values represent the background binding of KKB-1 to
1dIA-7 cells. Values determined in the absence of niacin of [*H]CE-
HDL uptake, 1251 HDL binding, and [®*H]cholesterol efflux were as
follows: for 1dIA[mSR-BI] cells, 6,766 ng protein (equivalent)/mg
cell protein, 167 ng protein/mg, and 32% of the initial cellular
[®H]cholesterol level; for 1dIA-7 cells: 968 ng/mg, 39 ng/mg, and
10%. Selective uptake was calculated as the difference between
[’PH]CE-HDL uptake and '*’I-HDL binding.
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SR-BI-mediated selective uptake (IC5p ~ 0.96 £ 0.17 wM) in
receptor-containing liposomes free of any other detect-
able proteins (data not shown) was virtually identical to
that in SR-Bl-expressing cells. Thus, SR-BI incorporated
into phospholipid/cholesterol liposomes is a molecular
target for FF. In vivo, FF, which is considered to be a pro-
drug, is rapidly hydrolyzed to the unesterified form, FFA, a
PPARa agonist (reviewed in Ref. 57). Unlike FF, FFA ex-
hibited virtually no SR-Bl-inhibitory activity (Figs. 1C, 3A,
B, D). These results suggest that the charged carboxylate
group on FFA might interfere with BLT-like activity.

To determine whether the target of FF was SR-BI-
containing membranes or the HDL particles themselves,
we performed preincubation-washout/dilution experi-
ments. FF was preincubated with either the cells or the
125 HDL and removed, and then '*°I-HDL binding to the
cells in medium virtually free of FF was measured. To test
whether cells are the target, we preincubated 1dIA[mSR-
BI] and 1dIA-7 cells for 1 h with FF (50 uM) and then
washed the cells to remove all FF from the medium. Subse-
quently, "*’I-HDL binding was determined in medium in
the absence of FF using '*’I-HDL not previously exposed
to this compound. For comparison, we also performed the
binding assay using culture medium that contained FF
during both the preincubation with cells and the subse-
quent incubation with "LHDL (standard assay condi-
tions) or that did not contain FF at any stage (control).
The cell preincubation-washout procedure resulted in
"LHDL binding (Fig. 4A, white bar) that was increased
compared with that for cells that did not receive com-
pound during the experiment (hatched bar control). Itap-
pears that at least some of the FF was incorporated into
the cells during the preincubation, and this was sufficient
to influence SR-BI activity, suggesting that the SR-BI-
expressing cells were a target of FF. The increase in
'S LLHDL binding seen under cell preincubation-only con-
ditions was not as great as in the standard assay condi-
tions, in which FF was present in both incubations (Fig. 4A,
black bar), suggesting that some of the FF that associated
with the cells during the preincubation probably dissoci-
ated during the washing or afterward. Using a comple-
mentary protocol, we preincubated '*’I-HDL, rather than
the cells, for 1 h with the same concentration of FF
(50 uM), followed by “removal” of the FF by a 370-fold
dilution. This diluted and preincubated '*’I-HDL (final
concentration of 10 pg protein/ml) was then used in a
standard binding assay in the absence of additional FF.
Figure 4A (gray bar) shows that there was no significant
effect of this preincubation on '"*’I-HDL binding to the
cells compared with the control (hatched bar; P = 0.43).
Thus, it is unlikely that FF functions by interacting directly
with HDL; rather, it apparently interacts directly with the
SR-Bl-expressing cells. As reported previously (13), the
results were similar for BLT-1 (Fig. 4C).

The effects of other fibrates on SR-BI activity

To explore whether SR-BI inhibitory activity is a com-
mon feature of the diverse family of fibrates, we examined
the activities of four other fibrates on SR-BI in cells and



A SR-Bl-mediated selective uptake and B SR-Bl-mediated [3H]cholesterol efflux
HDL binding in cells

o [3H]CE-HDL

x
e 125.4pL 2 100
150 300 s
Fenofibrate °3
oL 75
1004y . 85
e |20 3 %
50- 20
0L 25
[ = L100 T
04— T T T = 0
ctrl FF FFA GF BF CloF CiF
150 300 _—

Fenofibric Acid 50 uM 150 uM 500 pM

1004~ ———0F08
-200 c

50-
- ‘_——;-12 100
—

SR-BI surface expression

0 Lan T T T 100
2 10 300 8c%
g Ciprofibrate oy '% £ 751
o = 200
CRRL B — BO283 5
2 200 T BES
o< =X £ o
@ o 0’
2 50 S 25 |
I l—-‘-—i‘i" * 10
3 o r——— 2 0-
g g Ctrl FF FFA CiF GF BF CloF
S 150 300 50 uM 150 pM
D Gemfibrozil °
PR o g
% 200 S D SR-Bl-mediated selective
l 5 uptake In liposomes
O 504 =
T
@, E l—i—‘—f/ 100
0 T T T T ® FF v GF m CiF & Nia
o FFA @ BF O CloF
150 —— 300 ®
ezafibrate x =
° ) a| gg 1004
100 '_§_§°_.‘° I35
200 weo
2% 50
50 Fig
l—i—o—ﬂ"{ 100 B e
0 ; " O+ ¢ T T T T
' ' ' v 0 01 1 10 100 1000
300 Compound (M)

Clofibrate

100
200
;—-_—-/.1 100

0 01 1 10 100 1000
Compound (yM)

0

Fig. 3. Effects of fibrates on SR-BI activity in cells and liposomes. SR-Bl-mediated selective uptake of
[*H]CE from [*H]CE-HDL (A), binding of '?°I-HDL (A), efflux of cellular unesterified [®H]cholesterol to
unlabeled HDL [B; average of two experiments (* P < 0.0001, ** P < 0.0005, *** P<0.05)], and the relative
level of cell surface SR-BI (C) were determined as described for Fig. 2 in the presence of the indicated
concentrations of the following fibrates: FF, fenofibric acid (FFA), ciprofibrate (CiF), gemfibrozil (GF),
bezafibrate (BF), and clofibrate (CloF). D represents selective uptake of [®H]CE from [*H]CE-HDL medi-
ated by purified SR-BI-t1 reconstituted in liposomes. At the concentrations tested, clofibrate had very little,
but statistically significant (£ < 0.005), influence on SR-Bl-dependent selective uptake by liposomes, whereas
FFA, ciprofibrate, gemfibrozil, and bezafibrate had no significant effects. For liposome assays, the 100% of
control value represents receptor-specific activity in SR-BI-tl-containing liposomes in the presence of 0.5%
DMSO without compounds, and 0% of control value represents background selective uptake in control
liposomes devoid of SR-BI-t1. Values for intact cells (A-C) determined in the absence of drugs of [®*H]CE-
HDL uptake, 125 HDL binding, and [®H]cholesterol efflux were as follows: for IdIA[mSR-BI] cells: 4,826 ng
protein (equivalent) /mg cell protein, 155 ng protein/mg, and 40% of the initial cellular [®*H]cholesterol
level; for 1d1A-7 cells: 909 ng/mg, 58 ng/mg, and 9.9%. For liposomes, the values of selective uptake and bind-
ing were as follows: for mSR-BI-tl-containing liposomes, 235 ng (equivalent)/sample and 65 ng protein/
sample; for control, proteinHree liposomes, 19 ng (equivalent) /sample and 6 ng protein/sample.
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Fig. 4. Effects on 13LHDL binding of preincubating either cells
or "LHDL with compounds. The effects of compounds on '#I-
HDL (10 g protein/ml) binding to 1dIA[mSR-BI] or 1dIA-7 cells
were measured using either standard assay conditions as described
in Materials and Methods (standard assay conditions; black bars) or
variations involving preincubations (white and gray bars). In stan-
dard assay conditions, compounds [50 pM FF (A), 50 puM HDL376
(B), and 5 wM blocker of lipid transport-1 (BLT-1) (C)] were pres-
ent during both the preincubation period and the binding incu-
bation period. Controls in which all steps were performed in the
absence of compounds are shown by hatched bars. Alternatively
(cell preincubation only; white bars), cells were preincubated for
1 h with the compounds at the indicated concentrations, the unin-
corporated compounds were subsequently removed by washing,
and then '*-HDL (10 pg protein/ml) binding was determined
in medium to which no compound was added. HDL preincuba-
tion only (gray bars) indicates assays in which 1251 HDL (3.7 mg
protein/ml), but not the cells, was preincubated for 1 h with 50 uM
FF or HDL376 or 5 pM BLT-1, then diluted and subsequently
added to cells at a final "*’I-HDL concentration of 10 g protein/
ml and compound concentration of 135 nM (FF or HDL376) or
13.5 nM (BLT-1) (370-fold dilution). Values of receptor-specific
binding (nonspecific binding to untransfected 1dlA-7 cells sub-
tracted) are means from three or more replicate determinations
per experiment (averages from two independent experiments).
The values for each experiment were normalized to 100% for the
controls. Asterisks indicate binding significantly different from the
control value (P < 0.0001). In all cases, the P values for compari-
sons of HDL preincubation-only results with those of controls were
>0.4.
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liposomes. The fibrates were used at concentrations com-
parable to and exceeding those used previously to study
their activities as PPARa agonists in cultured cells (72, 73).
Clofibrate (Fig. 1D) was far less potent (Fig. 3A, B, D) than
FF in inhibiting SR-Bl-mediated selective uptake in cells.
Indeed, in some experiments, essentially no inhibition of
selective uptake could be detected at clofibrate concen-
trations up to 500 wM. Three other fibrates, gemfibrozil,
ciprofibrate and bezafibrate, all with unesterified carbox-
ylate groups (Fig. 1E-G, respectively), exhibited very little,
if any, inhibition of SR-BI-mediated lipid transport (Fig. 3),
even when used at 500 wM (data not shown). These
data highlight the unique, dual inhibitory activities of the
prodrug FF. It is an SR-BI inhibitor at low doses and a
PPARa agonist at high doses. This duality is not shared
with its structurally related derivative FFA or with the other
fibrates or niacin, all drugs that share the ability to in-
crease HDL levels in humans.

Unesterified fibrates, including FFA, have been re-
ported to readily bind to albumin in the circulation (57).
The BSA included in the medium of our standard SR-BI
activity assays to prevent nonspecific binding can bind or-
ganic anions (reviewed in Ref. 74) and thus might influ-
ence the bioavailability of the fibrates. This might lead
either to an underestimation of the potency of the drugs
or to possible misinterpretation of the inactivity of the
drugs. Therefore, we directly measured BSA binding to
fibrates using surface plasmon resonance (BiaCore). The
ester clofibrate (Fig. 1D) showed no appreciable binding
at concentrations up to 200 uM. As expected, all four of
the drugs with free carboxylic acids bound to BSA to similar
extents, with the following affinities (K,): FFA, ~22 uM;
ciprofibrate, ~44 uM; gemfibrozil, ~134 wM; bezafibrate,
~164 pM. However, similar analyses of binding to -
globulin in place of BSA at fibrate concentrations up to
200 pM showed no substantial binding of any of these fi-
brates to y-globulin [FF binding to BSA or y-globulin could
not be determined in the protein-free buffer used in the
BiaCore assay because of its limited solubility in that buffer
(visible precipitation at ~50 wM)]. Therefore, we replaced
the BSA in the SR-BI activity assay medium with y-globulin
(0.5%, w/v) and retested these compounds. We observed
no substantial differences in the relative potencies of the
fibrates when assayed with y-globulin in place of BSA (data
not shown). We observed some low-potency inhibition of
selective uptake at high concentrations of FFA in assays
performed with y-globulin (IC5y ~ 300 wM). This suggests
that the reduced bioavailability of FFA in the presence of
BSA may have made a very minor contribution to its low
inhibitory activity toward SR-BI, but this effect is unlikely to
be responsible for the very large differences observed in the
activities of FF and FFA. Thus, differences in bioavailability
attributable to albumin binding are not responsible for the
different SR-Bl-inhibitory activities of the distinct fibrates.
(In some experiments in which concentrations of the fi-
brates were >150 wM, high concentrations of these com-
pounds altered somewhat the activities of untransfected
1dIA-7 control cells as well as IdIA[mSR-BI] cells. Thus, it
was not possible to determine with certainty whether these



compounds were BLTs that simply are not very potent or
whether SR-Bl-independent effects of the compounds at
high concentrations influenced the observations. At con-
centrations of <150 wM, these compounds did not affect
the low levels of background binding and uptake in 1dIA-7
control cells.)

The effect of HDL376 on SR-BI activity

Figure 5 shows the effects on SR-BI activity of the com-
pound HDL376, a phenylthiourea (Fig. 1H) previously
shown to increase HDL-cholesterol levels and increase
HDL particle size in a variety of mammals (58, 59).
HDL376 was a potent BLT in cultured cells, inhibiting
SR-BI-mediated selective uptake of [*H]CE from [*H]CE-
HDL (IG5 ~ 1.4 = 1.3 pM) and cholesterol efflux while
increasing '*I-HDL (10 pg protein/ml) binding (ECs ~
0.9 £ 0.8 uM) (Fig. bA, B) without altering the surface
expression of SR-BI (Fig. 5C). This compound did not affect
the low levels of background binding and uptake in 1dIA7
control cells. HDL376 did not block the endocytosis of
Alexa-labeled transferrin (data not shown; see Materials and
Methods) (13). Thus, its inhibitory activity was specific in
that it was not attributable to a global inhibition of cell sur-
face receptor activity and intracellular membrane transport.

We also tested HDL376 inhibition of HDL lipid uptake
in ACTH-treated Y1-BS1 cells. HDL376 (25 M) inhibited
receptor-dependent Dil uptake (data not shown); thus, its
inhibitory activity is not restricted to SR-BI encoded by a
transgene in Chinese hamster ovary-derived cells.

A previously published structure-activity relationship
study showed that a urea analog of HDL376, compound 11
(Fig. 1K), was incapable of increasing HDL-cholesterol
levels in vivo. These results suggested that the thiourea
moiety of HDL376 substantially contributes to its HDL-
cholesterol-elevating activity in vivo. To determine the im-
portance of this thiourea moiety for the BLT-like activity
of HDL376, we synthesized and tested the activity of
HDL376U, a urea analog of HDL376 (Fig. 1I). Although
HDL376U exhibited some BLT-like activity (inhibiting se-
lective uptake and efflux, increasing binding), it was sub-
stantially less potent than HDL376 (Fig. 4A-C). Its ICs
was ~36 wM, and the maximum extent of inhibition of
selective uptake was substantially less than that of HDL376.
Substitution of BSA in the assay medium with y-globulin
had virtually no effect on the activities of either HDL376 or
HDL376U, and we did not detect substantial binding of
either HDL376 or HDL376U to either BSA or y-globulin
using surface plasmon resonance. [The dissociation con-
stants for binding to BSA (K gsa) or y-globulin (K; Gion)
were greater than the highest concentrations tested,
150 uM for HDL376 and 200 pM for HDL376U.] Thus,
HDL376 depends on its thiourea moiety for its high po-
tency, and the difference in activity between HDL376 and
HDL376U cannot be explained by binding to albumin.

Similar to the results with FF and BLT-1, we found that
preincubation of cells, but not 125I-HDL, with HDL376
(50 wM) followed by a washout increased the binding of
"LLHDL to cells (Fig. 4B), suggesting that the HDL376
is also likely to alter SR-BI activity by interacting directly
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Fig. 5. Effects of HDL376 and its derivative HDL376U on SR-BI
activity in cells and liposomes. SR-Bl-mediated selective uptake
of [*H]CE from 10 pg protein/ml [*H]CE-HDL (A), binding of
125 HDL, (A), efflux of cellular unesterified [®*H]cholesterol to
unlabeled HDL [B; average of two experiments (¥ P < 0.0001)],
and the relative level of cell surface SR-BI (C) were determined as
described for Fig. 2 in the presence of the indicated concentrations
of HDL376 or HDL376U. Values for intact cells (A-C) determined
in the absence of drugs of [’H]CE-HDL uptake, '*I-HDL binding,
and [*H]cholesterol efflux were the same as in Fig. 3. D represents
selective uptake of [*H]CE from [*H]CE-HDL mediated by puri-
fied SR-BI-t1 reconstituted in liposomes, as described for Fig. 3. For
liposomes, the values of selective uptake and binding were as fol-
lows: for SR-Bl-tl-containing liposomes, 184 ng (equivalent) /sam-
ple and 56 ng protein/sample; for control liposomes, 79 ng
(equivalent) /sample and 8 ng protein/sample.
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with SR-Bl-expressing cells and not with HDL particles.
Studies of purified SR-BI incorporated into phospholipid/
cholesterol liposomes showed that HDL376 (IC5, ~ 0.22 =
0.007 wM) and, albeit at greatly reduced activity, HDL376U
(IC59 ~ 84.5 = 16.2 uM) directly inhibited SR-BI-mediated
lipid transport (Fig. 5D), demonstrating that SR-BI in lipo-
somes is a direct target of HDL376.

DISCUSSION

Our results suggest that the active, unesterified forms of
fibrates, which are thought to influence HDL-cholesterol
levels primarily as a consequence of their PPARa agonist
activity, are not direct inhibitors or activators of SR-BI. We
observed similar results for niacin. Thus, these drugs are
not likely to influence plasma HDL levels by directly alter-
ing SR-BI activity in vivo. It is somewhat surprising, there-
fore, that the prodrug FF, which is usually thought to be
inactive until rapidly hydrolyzed in vivo to the active un-
esterified form (57), was a potent BLT in cultured cells,
inhibiting SR-BI-mediated lipid transport with an ICs, of
~1 wM. There are no obvious structural similarities be-
tween FF and the previously identified BLTs (13). Because
FF is rapidly hydrolyzed in vivo, it is unlikely that this drug
increases HDL-cholesterol in vivo by inhibiting SR-BI.
However, these results raise the possibility that esterase-
resistant, uncharged derivatives of FF, such as the isopro-
pyl ether or analogous ketone, might be potent SR-BI lipid
transport inhibitors that could be used to further study
SR-BI structure and function in vitro and in vivo.

The mechanism by which HDL376 increases HDL-
cholesterol in vivo has not been determined previously.
Importantly, a previously published structure-activity re-
lationship study suggested that the thiourea moiety of
HDL376 substantially contributes to its HDL-cholesterol-
elevating activity in vivo (75), as was the case for its BLT-
like activity in vitro in this study. In that study, a thiourea
analog of HDL376 (Fig. 1], compound 2) increased plasma
HDL-cholesterol in rats, whereas its urea analog (Fig. 1K,
compound 11) was inactive (75). HDL376 in vitro behaves
very much like previously described BLTs, inhibiting
SR-Bl-dependent lipid transport in intact cells. This effect
of HDL376 on SR-BI may be responsible, at least in part,
for its in vivo activity on HDL metabolism, observed as in-
creased HDL-cholesterol levels and particle size. However,
it is possible that SR-Bl-independent targets of HDL376
play a role in its HDL-cholesterol-elevating activity. Impor-
tantly, these in vivo effects of HDL376 are similar to those
observed in mice in which hepatic SR-BI activity is dramati-
cally reduced or absent, as a result of homozygous null
mutations in the SR-BI gene itself or in the gene encoding
PDZKI, a cytoplasmic adaptor protein required to main-
tain normal hepatic SR-BI protein expression (42, 44).
These similarities raise the possibility that HDL376 may
function as an inhibitor of SR-BI in vivo. Previous reports
have characterized the effects of other BLTs on SR-BI ac-
tivity in vitro (12, 13); however, unlike HDL376, their influ-
ence on HDL metabolism in vivo has not been described.
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Although numerous studies have clearly directly estab-
lished the importance of SR-BI in murine HDL metabo-
lism (reviewed in Ref. 11), there is only limited and mainly
indirect evidence for a similar role in other species, in-
cluding humans. There are important differences between
human and murine HDL metabolism [e.g., the presence
of CETP in humans but not mice and their relatively low
LDL- to HDL-cholesterol ratios compared with humans
(76, 77)]. CETP mediates the transfer of cholesteryl esters
from HDL to LDL and other lipoproteins and thus facil-
itates a distinctive pathway for lipoprotein metabolism.
Thus, caution must be exercised in drawing conclusions
about human HDL metabolism and associated pathology
based on murine studies. For example, genetic ablation
and transgenic hepatic overexpression studies have clearly
established that SR-BI expression protects against athero-
sclerosis in standard murine models (11), even though
reduced SR-BI activity results in increased steady-state lev-
els of plasma HDL-cholesterol (42) and increased hepatic
SR-BI expression reduces plasma HDL-cholesterol (41).
The participation of SR-BI in the hepatic removal of cho-
lesterol from the body, a process called reverse cholesterol
transport (78), apparently contributes to SR-BI’s antiath-
erogenic activity in mice (11). Therefore, pharmacologic
inhibition of SR-BI activity, for example by HDL376, would
be expected to promote atherosclerosis in mice. However,
the effects of the inhibition of SR-BI activity on atheroscle-
rosis in species that do express CETP (e.g., rabbits, dogs,
primates, and humans) are currently uncertain. Potent
and specific pharmacologic modulators of SR-BI activity
should prove invaluable in extending the analysis of SR-BI
function to other mammals, particularly CETP-expressing
animals, less readily amenable to genetic manipulation
(e.g., rabbits, dogs, and nonhuman primates). Such phar-
macologic modulators can substitute for the very powerful
gene knockout and transgenic overexpression technolo-
gies commonly used in murine systems.

It is noteworthy that HDL376 appears to have similar
effects on HDL metabolism in vivo in a wide variety of
species from rodents to primates (58, 59, 75, 79), including
demonstration of its ability to increase HDL-cholesterol in
humans (59), possibly targeting SR-BI in both. Indeed, the
in vitro studies reported here and the in vivo activities of
HDL376 reported previously are consistent with the pro-
posal that SR-BI is a functional HDL receptor in humans,
and therefore HDL376 might be useful in characterizing
the role of this receptor in humans and in animal models.
Future animal and clinical studies will determine the
therapeutic potential of the pharmacologic manipulation
of SR-BI (either inhibition or enhancement) for treating
pathologies for which SR-BI has been shown to play a role
in mice, including atherosclerotic coronary artery disease
and female infertility (reviewed in Ref. 11).H8

Note added in proof

After submission of this work, Nishizawa and colleagues (80,
81) reported the identification of N-[4-(4-tert-butoxycarbonyl-
piperazin-1-yl) phenyl]-(2-chloro-5-nitrophenyl) carboxamide



(R-138329) as a small molecule that can increase plasma HDL-
cholesterol in hamsters and mice, decrease murine hepatic
selective uptake of [*H]CE from HDL in vivo, exacerbate
atherosclerotic lesion formation in apolipoprotein E-deficient
mice, and inhibit rodent SR-Bl-mediated lipid uptake activity in
cultured cells.
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