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ABSTRACT. The proatherogenic properties of the cholesterolsgésterols (atheronal-A and atheronal-

B), recently discovered in atherosclerotic arteries, have been investigated in terms of their effects on
monocyte/macrophage function. A fluorescent analogue of atheron®-&@ M), when cultured in

either aqueous buffer (PBS) or in media containing fetal calf serum (10%), is rapidly taken-up into cultured
macrophage (J774.1 or RAW 264.7) cells and accumulates at perinuclear sites (within 1 h). Co-incubation
of macrophage cells (J774.1) with atheronal-A (@8) and atheronal-B (2xM) when complexed with
low-density lipoprotein (LDL) (10@g/mL) leads to a significant upregulation of scavenger receptor class

A (~3-fold increase relative to LDL along, < 0.05) but not CD36, showing that cultured macrophages
respond to LDL-complexed atheronals in a manner highly analogous to acetylated LDL rather than oxidized
LDL. Both atheronal-A and atheronal-B in solution exhibit a dose-depender2§@M) induction of
chemotaxis of cultured macrophages< 0.001). When complexed with LDL (1Q@g/mL), atheronal-A

(but not atheronal-B) induces a dose-dependen@®uM, p < 0.05) upregulation of the cell-surface
adhesion molecule endothelial (E)-selectin on vascular endothelial cells (HUVECS). LDLu¢lo0)
complexed atheronal-B (26M) but not atheronal-A induces cultured human monocytes (THP-1) to
differentiate into macrophage cell lineage. When these in vitro data are taken together with the already
known effects of cholesterol 5% caterols on foam cell formation and macrophage cytotoxicity, the
atheronals possess biological effects that if translated to an in vivo setting could lead to the recruitment,
entrapment, dysfunction, and ultimate destruction of macrophages, with the major leukocyte player in
inflammatory artery disease. As such, the atheronal molecules may be a new association, in the already
complex inter-relationship, between inflammation, cholesterol oxidation, the tissue macrophage, and
atherosclerosis.

Atherosclerosis, formerly considered to be a disease of secsterols, termed atheronal-A and atheronal-B, are present
lipid storage, is now accepted as having a pervasive within atherosclerotic plaque material at the time of endar-
inflammatory component from initiation through progression terectomy (Figure 1)4). Atheronal-B is also present in
to ultimate thrombotic complicationsl). Clinical studies human plasma and was found to be significantly elevated in
have shown that this emerging biology of inflammation in a small cohort of human patients whose atherosclerosis
atherosclerosis applies directly to human patients. There isdisease state was sufficient to warrant carotid endarterectomy,
also increasing evidence revealing that elevation of markersrelative to a cohort of patients with no known cardiovascular
of inflammation predicts outcomes of patients with acute disease. Further studies have shown that both atheronal-A
coronary syndromes, independently of myocardial damageand atheronal-B trigger foam cell formation, cause apg-B
2 3. misfolding, and are cytotoxic to cultured macrophag®s (

b_Vl\/e_ha}veh rlecentlyl d|_sdcoyered tgat h'thﬁrtlo unk;wgvgn From a strictly chemical point of view, the atheronals are
iological cholesterol oxidation products, cholesterol 5,6- uniqgue among biologically relevant cholesterol oxidation

TThis work was supported by the ALSAM Foundation and the perdUCts (ofxystero'S) %efause thelzl rers]ult from ”an ?]deatlve
Skaggs Institute for Research and Novartis Pharma AG (SFP-1551). Cl€avage of the steroid framework, whereas all other oxy-
R.G. was supported by a fellowship from La Secretaria de Estado de sterols are products of peripheral oxidation of an otherwise
Educacio y Universidades and EI Fondo Social Europeo. D.W. was  ntact steroid nucleusy. The understanding of how specific

supported by a Scripps Floriel@®xford predoctoral scholarship. - - - - -
*To whom correspondence should be addressed. Telephofie: chemistry, biochemistry, and environment may all contribute

858-784-2576. Fax-+1-858-784-2593. E-mail: paulw@scripps.edu 1O thein vi_vo levels of these molecules i_s an area of intensive
or paul.wentworth@bioch.ox.ac.uk. = _ research in our laboratory. However, it is well-known that
. Department of Chemistry, The Scripps Research Institue. — ~ chemjcal oxidation routes to atheronal-A generally proceed
Department of Molecular and Experimental Medicine, The Scripps . .
via the reaction between cholesterol and ozone. In 1993,

Research Institute.
'University of Oxford. Pryor and co-workerss) showed that atheronal-A, system-

10.1021/bi0604330 CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/17/2006



Proatherogenic Effects of the Atheronals

HO

OH
atheronal B

Ficure 1: Cholesterol 5,&ecasterols, atheronal-A and atheronal-
B.

atically named B-hydroxy-50x0-5,6-sec@holestan-6-al, is

a major product of cholesterol ozonolysis. Atheronal-A is
converted into atheronal-B, systematically namgih$-
droxy-53-hydroxy-B-norcholestanefscarboxaldehyde, by
an intramolecular aldolization proces$),(and as we have
shown, this reaction occurs very rapidly in the presence of
blood fractions and atheromd)( In fact, atheronal-A is
converted into atheronal-B so rapidly in whole blood that
immediately upon the addition of atheronal-A to blood only
atheronal-B is detectabld)( Thus, because atheronal-A is
directly derived from ozonolysis of cholesterol and aldoliza-
tion of atheronal-A occurs so smoothly in biological systems,
both atheronal-A and atheronal-B in vivo are termed
cholesterol ozonolysis products.

The biological origin of these cholesterol oxidation
products remains unclear; however, we have observed tha
the levels of atheronal-A are significantly increased<(
0.05) within excised plaque material upon the activation of
the oxidative burst of the residual phagocytes present in
plague. Thus, these molecules seem to be derived in par
from the juxtaposition of high cholesterol levels with
activated inflammatory cells, a convergence that is almost
unigue to the atheromatous plaq4g. Recent studies by us
and others have shown that the atheronals cause misfoldin
and aggregation gf-amyloid protein §) and cause mem-
brane destabilization by binding to phosphatidylethanolamine
(9).

Given the fact that we discovered the atheronals in

atherosclerotic arteries and that other oxysterols are known

to possess proatherosclerotic profilek013), we have
investigated whether these cholesterol &g6eterols possess
biological effects in vitro that may contribute to atherogenesis
in vivo. Herein, we report that, on the basis of data from in
vitro experiments, the atheronals possess significant athero

genic potential. Atheronals accelerate/stimulate a number of
models of processes considered critical to early atheroscle-

rotic lesion formation, including macrophage recruitment,
endothelial cell adhesion molecule upregulation, monocyte
differentiation into macrophages, and macrophage foam cell
formation via scavenger receptor A (SR!A)pregulation.

MATERIALS AND METHODS

Synthetic Method2Jnless otherwise stated, all reactions

were performed under an inert atmosphere with dry reagents,

solvents, and flame-dried glassware. All starting materials
were purchased from Aldrich, Sigma, Fisher, or Lancaster

Biochemistry, Vol. 45, No. 23, 2006163

and used as received. All flash column chromatography was
performed using silica gel 60 (23@100 mesh). Preparative
thin-layer chromatography (TLC) was performed using
Merck (0.25, 0.5, or 1 mm) coated silica gel Kieselgel 60
F254 plates. Atheronal-A (Bhydroxy-50x0-5,6-seca
cholestan-6-al) and atheronal-BfS(Bydroxy-53-hydroxy-
B-norcholestanef&carboxaldehyde) were synthesized as
previously described4.

Synthesis of @Hydroxy-5-cholenic Acid, Dansyl Hy-
drazide @). To a stirred solution of 5-cholenic aciggl
(50 mg, 0.13 mmol) and 5-(dimethylamino)-1-naphthalene-
sulfonamide3 (dansylamide, 68 mg, 0.27 mmol) in dioxane
(5 mL) was added 1-[3-(dimethylamino)propyl]-3-ethylcar-
bodiimide hydrochloride (EDCI, 39 mg, 0.20 mmol) and
4-(dimethylamino)pyridine (DMAP, 5 mg, 0.04 mmol). The
reaction mixture was stirred under an inert atmosphere for
24 h before quenching by the addition of methanol (5 mL).
The resulting precipitate was collected by filtration to yield
the title compound as a yellow solid (32.5 mg, 40%.
NMR (CDCls, 400 MHz)0o: 8.49 (d,J = 8.8 Hz, 1H), 8.37
(d, J = 7.2 Hz, 1H), 8.15 (dJ) = 8.4 Hz, 1H), 7.50 (ddJ
= 8.4, 7.6 Hz, 1H), 7.48 (dd] = 8.4, 7.6 Hz, 1H), 7.10 (d,
J = 7.6 Hz, 1H), 5.25 (m, 1H), 2.80 (s, 6H), 0.90 (s, 3H),
0.69 (d,J = 6.4 Hz, 3H), 0.43 (s, 3HYH NMR [dimethyl
sulfoxide (DMSO)ds, 400 MHz] 6: 8.50 (d,J = 8.5 Hz,
1H), 8.27 (d,J = 7.3 Hz, 1H), 8.21 (dJ = 8.8 Hz, 1H),
7.65 (pt,J = 8.0 Hz, 1H), 7.60 (ptJ = 8.1 Hz, 1H), 7.24
(d,J=7.6 Hz, 1H), 5.23 (bd, 1H), 4.60 (bd, 1H), 3.34 (bs,
1H), 2.81 (s, 6H), 0.90 (s, 3H), 0.65 (d,= 5.6 Hz, 3H),
0.32 (s, 3H).2*C NMR (DMSO-ds, 100 MHz) 6: 171.6,

t].51.5, 141.1, 134.2,131.0, 130.6, 128.8 (2C)*, 128.2, 123.3,

120.3, 118.0, 115.0, 69.9, 55.9, 55.1, 49.4, 45.0 (2C)*, 42.2,
41.6, 39.0**, 36.8, 36.4, 34.2, 32.4, 31.3, 31.2, 30.2, 27.3
(2C)*, 23.7, 20.5, 19.0, 17.8, 11.3. HRMALDIFTMS calcd

t]‘Or CseHs:N204S (M + H), 607.3564; found, 607.353%

= 0.33 [diethyl ether (neat)]. (*) The 2C denotes that this
signal is believed to correspond to two carbon signals by
comparison to starting materials (analyzed by 2D experi-

ents). (**) This carbon signal was revealed by a DEPT

35 experiment.

Synthesis of Aldol, Dansylhydrazidg.(Dansyl hydrazide
1 was prepared in two steps via an intermediate keto aldehyde
cholenic acid. In step 1, a solution of 5-cholenic acitied
(300 mg, 0.80 mmol) in methylene chloride/methanol (50
mL, 9:1) cooled to CC was treated with a stream of ozone
for ca. 5 min until no starting material could be detected by
TLC [ethyl acetate/hexane (4:1)]. The nitrogen-purged reac-
tion mixture was evaporated to dryness before the addition
of acetic acid (AcOH, 30 mL), bD (1.5 mL), and zinc dust

(300 mg, 4.6 mmol). The resulting suspension was stirred
at ambient temperature f@ h before partitioning by the
addition of HO and methylene chloride. After the organic

1 Abbreviations: LDL, low-density lipoprotein; ox-LDL, oxidized
low-density lipoprotein; CuOx-LDL, Cltoxidized low-density lipo-
protein; PBS, phosphate-buffered saline; DMSO, dimethyl sulfoxide;
DMEM, Dulbecco’s modified Eagle’s media; FCS, fetal calf serum;
BSA, bovine serum albumin; LTB-4, leukotriene B4; MCP-1, monocyte
chemoattractant protein 1; VCAM-1, vascular cell adhesion molecule
1; ICAM-1; intercellular adhesion molecule 1; LDH, lactate dehydro-
genase; EDTA, ethylenediaminetetraacetic acid; SR-A, macrophage
'scavenger receptor class A; TBARS, thiobarbituric-acid-reactive sub-
stances; M-CSF, monocyte colony-stimulating factor; GM-CSF, gran-
ulocyte-macrophage colony-stimulating factor; 7-KC, 7-ketocholesterol.
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fraction was dried (MgS®) and concentrated in vacuo, the
residue was purified using silica gel chromatography [ethyl A
acetate/hexane/AcOH (40:27:1)] to furnish the intermediate
keto aldehyde cholenic acid as a white solid (140 mg, 43%).
IH NMR (CDCls, 400 MHz)d: 9.60 (s, 1H), 4.47 (s, 1H),
3.40 (dd,J = 13.6, 4.0 Hz, 1H), 1.00 (s, 3H), 0.91 @@=
6.4 Hz, 3H), 0.67 (s, 3H):*C NMR (CDCk, 100 MHz) 6:
218.7,202.9, 179.8, 70.9, 55.5, 54.1, 52.5, 46.4, 44.0, 42.4,
42.1,39.6, 35.1, 34.5, 34.0, 30.8, 30.4, 27.5, 27.3, 25.1, 22.8,
17.9,17.4,11.4. HRMALDIFTMS calcd for&H3zs0sNa (M
+ Na), 429.2611; found, 429.261R: = 0.20 [ethyl acetate/
hexane (1:1)].

Under an inert atmosphere, a stirring solution of the
intermediate keto aldehyde cholenic acid (27 mgu6tl)
in reaction-grade dioxane (6 mL) was treated sequentially
with dansyl amide (49.5 mg, 0.20 mmol), EDCI (25.2 mg,
0.13 mmol) and DMAP (10 mg, 82mol). After 9 h, the
reaction mixture was concentrated in vacuo and purified by
preparative TLC at 0.25 mm [diethyl ether/hexane (8:2)] to
afford dansyl hydrazidd as a yellow solid (8 mg, 19%).
IH NMR (CDCls, 600 MHz)6: 9.69 (d,J = 2.8 Hz, 1H),
8.61 (d,J = 8.2 Hz, 1H), 8.49 (dJ = 7.3 Hz, 1H), 8.20 (d,
J = 8.3 Hz, 1H), 7.58 (pgJ = 8.3 Hz, 2H), 7.18 (d] =
7.3 Hz, 1H), 4.13 (bm, 1H), 3.52 (s, 1H), 2.89 (s, 6H), 0.90
(s, 3H), 0.75 (dJ = 7.3 Hz, 3H), 0.57 (s, 3H)}3C NMR
(CDCls, 150 MHz) §: 204.6, 171.1, 152.3, 132.3, 131.9,
129.8, 129.5 (2C)*, 128.8, 123.2, 117.9, 115.2, 84.2, 67.4,
63.8, 56.0, 55.3,50.3,45.5, 45.4, 45.4, 44.7, 44.2, 39.8, 39.6,
34.9, 30.3, 28.1, 27.9 (2C)*, 26.7, 24.4, 21.5, 18.4, 18.2,
12.4. HRMALDIFTMS calcd for GsHsiN20sS (M + H),
639.3462; found, 639.3478 = 0.13 [diethyl ether (neat)].
(*) The 2C denotes that this signal corresponds to two carbonFicure 2: Macrophage uptake and localization of dansyl ather-
signals by comparison to starting materials (analyzed by 2D onal-B analogud. (A) Cell-uptake experiments were performed
experiments). with the synthetic fluorescent dansyl atheronal-B analdguknhe

; 4t PR ; dansyl cholesterol analogu2 was studied as a control. (B)
Cu-Mediated Oxidation of Low-Density Lipoprotein (LDL). Fluorescence microscopy of cultured macrophage cells (J774A.1)

Cu'-Oxidized low-density lipoprotein (CuOx-LDL) was  reated withi (50 «M) in PBS for 5 min (106&). (C) Fluorescence
generated by dialyzing human LDL (10@/mL) (CalBio- microscopy of cultured macrophage cells (J774A.1) treated With
chem, La Jolla, CA) in CuS£(5 uM) against phosphate-  (504M) for 1 h (200x). (D) Cultured macrophages treated with

buffered saline (PBS) at pH 7.4 and 3T for 12 h as  (504M) in media with FCS (10%) for 5 min (6). (E) Cultured
: ) S macrophages (RAW 264.7) treated wit{50 xM) in media with
previously describedld). LDL oxidation was assessed by ~g (10%) for 60 min (10R). Note: No uptake o or dansyl

the extent of thiobarbituric-acid-reactive substances (TBARS) amide3 was observed during this experiment with either cell line
(15). In brief, the oxidized LDL sample or control LDL  (data not shown). After treatment, cells were fixed in 95% cold
sample was treated with 2 parts trichloroacetic acid (3.8%, methanol and mounted in glycerol. These data were collected using
wiv) and 2-thiobarbituric acid (0.1%, w/v) in HCI (0.06 N) 2a;y)f;l}c;gset combination (excitation) DAPI 360/40 and (emission)
and 0.2 parts of an aqueous SDS solution (0.625 mM) and '
then heated to 95C for 30 min. After cooling, the sample cell line (TIB-67), and monocytic cell lines U-937 histiocytic
was extracted twice withn-butanol (100uL), and the lymphoma (CRL-1593.2) and THP-1 acute monocytic leu-
absorbance of the extract was measured at 532 nm. Quankemia (TIB-202) were obtained from ATCQ§—19). All
tification was by interpolation from a standard curve gener- cell lines were cultured in ATCC-recommended media with
ated by malondialdehyde bis(dimethyl acetal) (Aldrich). 10% fetal calf serum (FCS). Cells were incubated in a
Complexation of Atheronal-A or Atheronal-B with LDL. controlled atmosphere at 3TC, with 5 or 7% CQ. The
In a typical experiment, a solution of atheronal-A (28!, release of lactate dehydrogenase (LDH) from cells was used
final concentration) or atheronal-B (28V, final concentra- to measure cytotoxicity as previously describ&i (
tion) in DMSO [0.4% (v/v), final concentration] is added to Atheronal Uptake into Cultured Macrophagdsor the
human LDL (10Qug/mL; CalBiochem, La Jolla, CA) in PBS. images shown in parts B and C of Figure 2, murine
The resultant mixture is incubated at room temperature for macrophage J774A.1 cells were plated in 8-well chambered
2 h under an inert atmosphere and then dialyzed against PBSslides. Cells were gently washed twice with PBS at pH 7.4;
Note: Under such conditions;>90% of the atheronals then either dansylated atheronal-B analodué50 uM),
remains associated with LDL as quantified by our previously dansylated cholesterol analogi (50 uM), or dansyl
developed RP-HPLC4) analysis of the dialysate. hydrazine (5Q:M), in media without FCS and with DMSO
Cell Culture Human abdominal aorta endothelial (HAAE- as a cosolvent (0.05%, v/v) was added; and the cells were
1) cell line (CRL-2472), J774A.1 murine tissue macrophage then incubated at 37C for either 5 or 60 min. Media was
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then removed by aspiration, and cells were fixed immediately (Millipore, Billerica, MA) with poly(vinylpyrrolidinone)-free
in 95% ice-cold methanol for 5 min. Cells were mounted in polycarbonate membranes {n pore size). Murine mac-
glycerol containing Antifade reagent (Molecular Probes). rophage (J774A.1) cells were washed and resuspended in
Fluorescence images were documented using a DeltaVisionserum-free Dulbecco’s modified Eagle’s media (DMEM)
deconvolution microscope (API, Issaquah, WA) equipped containing BSA (0.2%) at & 1P cells/mL. An aliquot of
with a Photometrics CH350L liquid-cooled CCD camera cells (50uL) was then added to the upper well of the MIC
attached to an Olympus IX_70 inverted microscope. These plate, and an aliquot (150L) of either vehicle [serum-free
data were collected using a 8®il immersion objective lens  DMEM containing BSA (0.2%) and DMSO (0.5%)] or
(NA 1.4) and a filter set combination (excitation) DAPI 360/ cholesterol (25:M), atheronal-A (25:M), atheronal-B (25
40 nm and (emission) 457/50 nm. All images were decon- uM), and C5a (10 nM) in the vehicle [serum-free DMEM
voluted using constrained iterative algorithms (10 iterations) containing BSA (0.2%) and DMSO (0.5%)] was added to
of DeltaVision software (softWoRx, version 2.5). The the lower well of the microchamber. The plate was then
deconvoluted images were subsequently processed usingncubated fo 4 h at 37°C in an 8% CQ atmosphere. After
softWoRx, version 2.5. For the images shown in parts D cells were wiped off the upper side of the membrane, cells
and E of Figure 2, murine macrophage RAW 264.7 (ECACC adherent to the lower side were visualized by either staining
91062702) cells were grown in RPMI (Gibco) with 10% FCS and phase-contrast microscopy or fluorescence. Cells that
at 37°C with 5% CQ. For fluorescence imaging, cells were had adhered to the membrane were stained using a DiffQuik
incubated on cover slips in 6-well chambered plates (Costar)staining kit (Dade Behring, Newark, DE). Each experiment
for 12 h, gently washed 3 times in PBS at pH 7.4, and was performed in triplicate, and the numbers of migrating
incubated with a dansylated atheronal-B analab (&0 «M) cells were counted in five fields at 2@0 Cells harvested
in RPMI with 10% FCS for 5, 15, 30, and 60 min. A solution with PBS—ethylenediaminetetraacetic acid (EDTA) for
of atheronal-B analogug was then added in DMSO [final fluorescent labeling were washed 2 times with PBS and then
DMSO, 0.05% (v/v)]. Media was removed by aspiration, and resuspended in serum-free medium containing calcein AM
cells were washed twice with PBS, followed by fixing in (5 uM). Cells were incubated for 30 min at 3T in a 5%
paraformaldehyde (3.7% in PBS) for 10 min. Cover slips CO, atmosphere with gentle intermittent mixing. Calcein-
were mounted in MOWIOL 4-88 (Calbiochem). Microscopy AM-labeled cells were washed twice, and calcein fluores-
was performed using an inverted Zeiss Axioscope 2 Plus cence fexcitation = 390 nm, andiemission = 460 nm) was
fluorescence microscope, and images were obtained with ameasured using a SPECTRAmax GEMINI dual-scanning
Zeiss Axiocam digital camera using Axiovision software microplate spectrofluorometer. Fluorescence measurements
(version 3.1). The data were collected using ax68il were quantified by comparison to a standard curve, generated
immersion lens and DAPI filter (excitation 360/emission by a dilution of calcein-AM-stained cells in PBS/BSA. For
460), and images were processed with Axiovision software measuring the atheronal-B concentration-dependent (0
and Adobe software (Photoshop 6.0). ug/mL) effect on cell-migration experiments, the method was
Macrophage Sceenger Receptor ExpressiomMurine- the same as above with the exception that the macrophage
cultured macrophage cells (J774A.1) were serum-starvedcells were labeled with calcein AM prior to commencing
overnight in media containing 0.5% bovine serum albumin the migration assay.
(BSA). Cells (1 x 1) were then incubated with either Endothelial Cell Adhesion Molecule Expressidndo-
vehicle, atheronal-A/LDL (2%M, 100 ug/mL), atheronal-  thelial cell-surface adhesion molecule expression was studied
B/LDL (25 uM, 100 ug/mL), LDL (100 ug/mL), or CuOx- on cultured HAAE-1 cells and was quantified by the enzyme-
LDL (100 ug/mL) for specified times and washed twice with linked immunosorbent assay (ELISA), using anti-human
PBS. Note: Atheronal-complexed LDL was prepared as CD54 [intercellular adhesion molecule 1 (ICAM-1)], CD106
described above. Cells were harvested by scraping and fixedvascular cell adhesion molecule 1 (VCAM-1)], and CD62E
with 6% paraformaldehyde for 20 min. Then, cells were [endothelial (E)-selectin] antibodies (Leinco Technologies,
resuspended in PBS containing heat-inactivated FCS (2%,Inc., St. Louis, MO). The ELISA method was modified from
viv), NaN; (0.05%, wi/v), and an appropriate primary previously described procedureZ3(-25). Thus, cells were
antibody, antibody conjugate, or isotype control (1:100 cultured in 96-well plates and then incubated with either
dilution) and incubated on ice for 30 min. Expression of vehicle or LDL (1-3 nmol/mg of protein), CuOx-LDL
either CD36 or SR-A was determined with CD36 (BD (TBARS, 80-100 nmol/mg of protein), atheronal-A (25
Biosciences Pharmingen, San Diego, CA) and CD204 uM)/LDL, and atheronal-B (25x¢M)/LDL (100 ug/mL
(Serotec, Oxford, U.K.) specific monoclonal antibodigs, ( protein) in the vehicle for appropriate times and washed once
20), respectively. After the primary antibody-treated cells with PBS. Cells were then incubated with antibodies to
were washed, secondary antibodies were added and cell8/CAM-1, E-selectin, or ICAM-1 diluted 1:400 in PBS
were again washed and then analyzed on a FACS calibur 2containing 5% FCS at 37C for 30 min. Wells were washed
(Becton Dickinson, Sparks, MD) flow cytometer with 2 times with PBS and then incubated with horseradish
analysis by CellQuant software. Results are expressed ageroxidase (HRP)-conjugated goat anti-mouse IgG (Southern
mean fluorescence intensitiy standard error of the mean Biotechnology Associates, Birmingham, AL) in PBS/5%
(SEM) of at least duplicate determinations. Significance was FCS at 37°C for 30 min. The wells were then washed 4
determined using a student two-tatest, with (*)p < 0.05, times with PBS; HO,/3,3,5,5-tetramethylbenzidine peroxi-
(**) p < 0.01 versus the control. dase substrate (Pierce Chemical, Rockford, IL) was added;
Macrophage Chemotaxis and MigratiocBhemotaxis and  and the plate was allowed to stand for 30 min in the dark.
invasion assays were performed using a modified Boyden The reaction was stopped by the addition eBB)y (25 uL,
chamber migration assagy, 22) in MultiScreen-MIC plates 8 N), and the absorbance at 450 nm was measured on a
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microtiter plate reader. Each experiment was performed in 250 c
triplicate, and the data are reported as the me&®EM as L_JcD3s
. . 2004 HEESR-A
a percentage of the expression level of the vehicle. To study %
the effect of the atheronal-B concentration-&) «M) on 150 x .

E-selectin expression, the assay was performed in an identical
fashion as described above, with each point being the mean
+ SEM of at least duplicate measurements.

Monocyte Morphology Changgduman monocytes (THP-
1) cultured in suspension were plated in 8-well chambered

1004

fluorescence/ arbitrary units

(4.
o o
L 1

slides. Cells were incubated with either vehicle (DMEM and 0@“\0 vt +,v\' v\v\’ q,\&\’
0.4% DMSO) or cholesterol, 7-ketocholesterol (7-KC), ? & & &
atheronal-A or atheronal-B (12 and 281) in the vehicle &

f';md exgmined fog morthIOgiC,al changes_ dgran 7 day Ficure 3: Effect of LDL-complexed atheronal-A and atheronal-B
incubation at 37°C. Media with appropriate treatment on macrophage scavenger receptor expression. Murine macrophage
compounds was replaced after 4 days. After 4 days of cells (J774A.1) were treated with either vehicle, LDL, CuDL,
treatment, morphologic changes of the adherent cells wereatheronal-A (25M)/LDL, or atheronal-B (25«M)/LDL (100 ug/
assessed by phase-contrast microscopy and photographe@“‘ protein) for 6 h. Data represent mean fluorescence intessity

; S _ EM of at least duplicate experiments. 0.05; (**) p < 0.01
using an Olympus Microfire digital camera. versus the Comrd.p P oy )P

Statistical Analysesin all cases, data were statistically ) _ B )
analyzed by a two-tailed, paired Studerttsst in Microsoft hints, suggests thdt is not being esterified and stored in
EXCEL software. A value ofp < 0.05 was taken as lipid droplets, which would be localized throughout the

significant. Data are reported as the mearSEM unless  cytoplasm 26, 27).

otherwise stated. Incubation of cultured murine macrophages (J774A.1) with
LDL, complexed with either atheronal-A or atheronal-B,
RESULTS AND DISCUSSION leads to significant upregulation of SR-A. This increase is

approximately 3-fold over native LDLp(< 0.05) (Figure

Treatment of live cultured macrophages (J774.1 or RAW 3). However, no significant increase in the LDL receptor
264.7) with a fluorescent cholenic acid analogue of ather- (CD36) is observed with atheronal complexed with LDL.
onal-B1 (25uM) (Figure 2A), either in PBS (in the absence These data were measured by both indirect flow cytometry
of lipoproteins) or in media containing 10% FCS, leads to a and immunoblotting of cellular lysates (see the Supporting
rapid time-dependent uptake bfnto the cells, as measured |nformation). Treatment of J774A.1 macrophages with
by fluorescence microscopy (Figure 2). Regardless of CuOx-LDL (TBARS, 56-75 nmol/mg of protein) results in
whetherl was administered to live cells in PBS or in media 3 significant upregulation of both CD-36-8-fold over native
containing FCS (10%), significant intracellular accumulation |DL (TBARS, 1—3 nmol/mg of proteinp < 0.01] and SR-A
of 1 occurs in the macrophages after only 5 min (parts B [approximately 3-fold over native LDL (TBARS,-43 nmol/
and D of Figure 2). After 1 h, perinuclear localizationdf ~ mg of protein),p < 0.05]. In contrast, treatment of cultured
is observed, and this localization does not change with anmacrophages with atheronal-A or atheronal-B alone (data

increasing time of incubation (parts C and E of Figure 2). not shown) or the vehicle (PBS and 0.4% DMSO) does not
In contrast, no uptake of the fluorescent cholestenic acid increase the expression of either receptor.

analogue of cholesterdlor dansyl sulfonamid8 (data not SR-A and CD36 are the main surface receptors responsible
shown) is observed over 1 h, whether performed in PBS or for macrophage internalization of modified LDL and oxy-
media containing FCS (10%). sterols R0, 28, 29). It has been shown that both surface

Previously, we have shown that cultured macrophages cellsreceptors are upregulated in the presence of oxidized low-
(J774.1) when treated with atheronal-A and atheronal-B, density lipoprotein (ox-LDL) 80, 31), whereas SR-A is
complexed with LDL, exhibit a time-dependent foamy upregulated to a higher degree than CD36 in the presence
cellular morphology associated with extensive lipid loading of acetylated LDL 82). Thus, the upregulation of SR-A but
(4). The macrophage uptake studies with the fluorescent not CD36 in macrophages in response to treatment with LDL,
dansyl hydrazide analogue of atheronal-Bre designedto  complexed with either atheronal-A or atheronal-B, suggests
offer real-time insight into the requirements for and gross a route of internalization for the presumed Schiff base EDL
trafficking of atheronal-B uptake within this cell type. These atheronal adduct highly analogous to that of acetylated LDL.
experiments reveal that the atheronals are efficiently taken The combined observations that the fluorescent cholenic
up by macrophages, even when not complexed with LDL acid atheronal-B analoguk rapidly accumulates intracel-
(parts B and C of Figure 2). This LDL-independent uptake lularly within macrophages in the absence of LDL (parts
may be of particular relevance in vivo because, under B—E of Figure 2) and that atheronals cause an upregulation
conditions where the atheronals may be generated in anof SR-A only when complexed with LDL (Figure 3) suggest
extracellular compartment that is lacking functional LDL, that the atheronals are able to enter macrophages by two
such as is the case within the arterial intima of an mechanisms, one of which is surface-receptor-dependent. The
atherosclerotic artery, these molecules may still accumulatesecond uptake mechanism, while not yet characterized, is
in the cell, presumably by a receptor-independent pathway presumed to be either passive diffusion or a pinocytotic route.
and, hence, have their intracellular effects on the macrophage Incubation of J774.1 cells with either atheronal-A or
function. In addition, the initial punctate cytosolic accumula- atheronal-B (6.3-25 uM) in a Boyden chamber leads to
tion of 1, followed by its perinuclear accrual within the cell macrophage migration by both cholestesecsterols in a
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¢ 5 10 15 20 25 Ficure 5: Atheronal-induced expression of vascular endothelial
[atheronal-B)) uM cell adhesion molecules. (A) Cultured endothelial cells (HAAE-1)

. . . were incubated with LDL, CuOXLDL, atheronal-A (281)/LDL,
Ficure 4: Atheronal-induced macrophage chemotaxis. Cultured or atheronal-B (25:M)/LDL (100 ug/mL protein) for 4 h, and
macrophage (J774.1) cells were treated with either cholesterol (25 ; i ~ ; -

M), C5a (10 nM), atheronal-A (26M), or atheronal-B (25:M) surface expression of VCAM-1, E-selectin, and ICAM-1 was

in ch taxis chamb A) Migrated cell ted Usi measured by ELISA. Data are reported as the meé&8EM from
in chemotaxis chambers. (A) Migrated cells were counted using ay,, ey neriments of the percent expression relative to the vehicle
light microscope and expressed as cells per high-power field. A

: ; (100%) [(*) p < 0.05; (**) p < 0.005 versus the vehicle]. (B)
g’rt]all O'; 15| h{_gh-f)c:w(;ar f'eldt"‘? we_re_lcm:ntedh_folr eac? lsamlple. Cultured endothelial cells (HAAE-1) were incubated with a range
B e vemain oy vl alheronal A concentraons (501) complexed with (01
experiments [(*)p < 0.001 versus the vehicle]. (B) Calcein-AM- (100ug/mL protein), and the surface expression of E-selectin was

. X - measured as described in A. Data are reported as the tn &k
labeled cells were incubated in the presence of different concentra- . :
‘ - of triplicate experiments.
tions of atheronal-B in the lower chambers. Fluorescence of

migrated cells was measured by a fluorescence plate reader and . . . .
expressed as the number of migrated cells/well. Data are reportedather()genes'S prOQFeSS'O” and at the uItlmate thrombotic
as the mea: SEM of three experiments [(*p < 0.001 versus  Stage. Thus, the ability of atheronals to recruit macrophages

the vehicle]. may impact atherogenesis in multiple ways. First, macro-
phages, already present within the artery wall, may be
dose-dependent manngr € 0.001; parts A and B of Figure  recruited to sites were the atheronals are being generated
4). Interestingly, no significant migration of the macrophage extracellularly, leading to areas of high leukocyte density
cells occurs when atheronal-A or atheronal-B is complexed within the plaque, as is known to occur in unstable plaque
with native LDL (100ug/mL; TBARS, 1-4 nmol/mg of margins. Alternatively, macrophages containing high levels
protein). However, J774.1 cell migration still occurs when of atheronals may necrose, leading to the release of atheronals
atheronal-A and non-LDL are co-incubated with BSA (100 and further recruitment of macrophages to the inflammatory
ug/mL; TBARS, 3-10 nmol/mg of protein); migration was foci. Finally, the atheronals may diffuse from vulnerable sites
not suppressed (data not shown). This suppression ofof the arterial walls, supported by the presence of atheronal-B
atheronal-induced macrophage migration by LDL but not in the plasma of human atherosclerosis patients. These
BSA adds further support to our assertion that atheronalsphenomena would result in a cycle of chemoattractant
complexed to LDL behave in an analogous fashion to ox- formation, macrophage chemotaxis, recruitment and activa-
LDL, because it is known that macrophages become unabletion, and then further chemoattractant formation. This process
to migrate after accumulation of ox-LDI38, 34). This effect may well promote the formation and progression of athero-
is used to rationalize why in vivo macrophages become sclerotic lesions.
“trapped” in the arterial intima3b, 36). Treatment of vascular endothelial cell (HAAE-1) mono-
Macrophages are notoriously slow at replication; therefore, layers with atheronal-A (26M) when complexed with LDL
to increase local tissue levels at sites of inflammation, there (100 ug/mL) causes & 4-fold upregulation of expression
are a number of naturally occurring chemotactic agents, suchof the adhesion molecule E-selectin relative to vehicle control
as monocyte chemoattractant protein 1 (MCP-1) or leuko- (p < 0.05, Figure 5A). In contrast levels of the integrins,
triene B4 (LTB-4), that increase leukocyte accumulation at VCAM-1 and ICAM-1 remain unchanged. The induction of
sites of inflammation. Macrophages are by far the major E-selectin levels by atheronal-A is dose-dependent, with
leukocyte present in atherosclerotic arteries, both during levels increasing from 2-fold at 1.2BM atheronal-A to~8-
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fold at 50 uM atheronal-A (Figure 5B). This profile of =

E-selectin upregulation, coupled with no effect upon integrin =~ @ ° : . - o
expression, is the same as observed for CuOx-LDL [(TBARS, o
80—100 nmol/mg of protein)p < 0.005]. Incubation of
endothelial cells with atheronal-B and LDL resulted in
upregulation of E-selectin levels (1.8-fold), relative to the
vehicle control, similar to those observed with native LDL 1
(~3-fold, multiple experiments tested in triplicate, Figure @ ¢ / d i ' il
5). Administration of atheronal-A or atheronal-B (not com- £ be s ,.
plexed with LDL), cholesterol (data not shown), or the e\ /]
vehicle resulted in no effects on either selectin or integrin ! 4
expression. 3 \

Given that atheronal-A when in complex with LDL causes 1 \\ © 1'3
a significant and dose-dependent increase in E-selectin ,
upregulation, with the effect of the atheronals on endothelial € £
cell-monocyte cell, cett-cell adhesion was then assessed
using fluorescence spectroscopy. These experiments reveale
that neither atheronal-A nor atheronal-B alone or in complex
with LDL (1—3 nmol/mg of protein) nor CuOx-LDL
(TBARS, 80-100 nmol/mg of protein) significantly in-
creased adhesion of the cultured monocytes cells (U397) to. g
endothelial cell monolayers above that of LDL alone (see K
the Supporting Information). When the effects of atheronal-A v
and atheronal-B complexed to LDL on aortic endothelial cell
adhesion are taken together, they are highly analogous to .. ; 4 \
that of CuOx-LDL @4, 37). The profile of selectin upregu- , N2 U I
lation but with no effect on integrins and no significant :

. - P .y 41 FIGURE 6: Atheronal-induced monocyte differentiation. Cultured
increase in equilibrium binding of monocytes to endothelial human monocyte (THP-1) cells werg treated with either 12.5 or

cells is consistent with an induction of weak leukocyte 25 M of the following reagents for a period of 7 days (a and b)
endothelial interactions and is the classic model for induction cholesterol, (c and d) 7-KC (positive control), (e and f) atheronal-

of leukocyte rolling rather than strict adhesioB8), a A, and (g and h) atheronaI-B. THP-1 cells began to adhere after 4
biological effect that is important in the early stages of days of treatment with 7-KC or atheronal-B, and maximal adherence
inflammatory arterv disease was demonstrated after 7 days. In contrast, cholesterol or ather-
. y y " onal-A treatment induced no cell adherence over the same time
Previous work by Sevanian and co-worke@9)( has frame. Representative phase-contrast microscopy images are shown.
demonstrated that the oxysterols, 7-KC, 7-hydroxycholes-

terol, and 22R)-hydroxycholesterol, induce monocyte to oxysterol 7-KC, suggesting that they are equipotent in this
macrophage differentiation, while others, such as 25-hy- regard 40). The mechanism by which atheronal-B induces
droxycholesterol, do not4(Q). Initial studies studying the  macrophage differentiation is unclear. However, on the basis
effects of cholesterol 5,6ecsterols on cultured human  of the fact that induction of cell adherence and morphological
monocytes THP-1 cell differentiation demonstrated that thesechanges is relatively slow, a mechanism that involves
cells, originally in suspension, began to aggregate in clusterscytokine induction and release seems plausible. It has been
after 24-48 h of atheronal-B treatment. With a longer previously shown that other oxysterols, including 7-KC, are
duration of exposure~4 days) with atheronal-B (12.5 and capable of producing proinflammatory cytokines in other
25uM), a population of cells began to adhere. Within 7 days vascular cells, such as monocyte colony-stimulating factor
of culture, the adherent THP-1 cells displayed hypertrophy, (M-CSF) and granulocyte-macrophage colony-stimulating
developed cytoplasmic vacuoles, and formed extendedfactor (GM-CSF), if differentiation is slow. The fact that
processes, all characteristic of mature macrophages (parts @theronal-B triggers monocyte to macrophage differentiation
and h of Figure 6). These effects of atheronal-B on THP-1 whereas atheronal-A does not reveals that, while the ather-
differentiation were exactly mimicked in both the extent and onals share the same chemical composition and a similar
time frame to the positive control of 7-KC (2BM, parts ¢ structure, they can behave as distinct molecular species.
and d of Figure 6). In contrast, THP-1 cells treated with either ~ Evidence that certain oxysterols may contribute to ath-
vehicle alone (data not shown), cholesterol (@B, parts a erosclerosis is accumulating, although a direct link has
and b of Figure 6), or atheronal-A (2BM, parts e and f of proven thus far elusive, presumably because of the multi-
Figure 6) neither became adherent nor developed thefactorial nature of this diseasél). Numerous studies have
aforementioned morphological changes. identified elevated levels of oxidized cholesterol derivatives
The atheronal-B-induced differentiation of the THP-1 cells (oxysterols) of both enzymatic (27-hydroxycholesterol) and
occurred over a similar time course of human monocyte nonenzymatic (mainly 7-KC and 7-hydroxycholesterol) in
differentiation in vitro, typically requiring 47 days for plague tissues, even when expressed relative to parent
THP-1 cell-derived macrophages to develop. In addition, the cholesterol 41). Such studies have revealed that the levels
concentration of atheronal-B that causes the determinedof oxysterols are concentrated in foam cells at levels
THP-1 cell differentiation, 25M (10.4 ug/mL), is of the severalfold higher than in plaque as a whole. It has been
same order required for THP-1 cell differentiation by the shown that oxysterols can be present in levels of as much
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as 1% of the total cholesterol within atherosclerotic plaque SUPPORTING INFORMATION AVAILABLE
and within foam cells isolated from human atherosclerotic

plague 42). For the atheronals, the absolute concentrations
within diseased atherosclerotic arteries, with respect to
cholesterol, are not known with any degree of certainty at
present. However, we have previously shown that plasma
levels of atheronal-B can vary from 20 to 500 nM (in cohorts

of healthy patients ar_1d patients with advanced carot_id REFERENCES
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