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Oxidation products of cholesteryl linoleate are
resistant to hydrolysis in macrophages, form
complexes with proteins, and are present in human

atherosclerotic lesions
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Abstract Accumulation of the insoluble lipid—protein com-
plex, ceroid, is a characteristic of atherosclerotic plaques. To
determine whether deficient processing of cholesteryl esters
in oxidized (ox) low density lipoprotein (LDL) contributes
to ceroid formation, we studied the hydrolysis of internalized
{*H]cholesteryl linoleate (CL) in oxLDL by mouse peritoneal
macrophages (MPM). The hydrolysis by MPM of [*H]CL in-
corporated into oxLDL or LDL did not differ, suggesting that
products of lipid and/or apoB oxidation had no impact on
the lysosomal hydrolysis of [*H]CL. To evaluate the hydrolysis
of oxCL by MPM, we subjected extensively ox[*H]CL to frac-
tionation by TLC. The predominant fraction (D) consisted of
sterols and oxysterols esterified to scission products of oxi-
dized fatty acids containing terminal carbonyl groups, i.e.,
lipid core aldehydes. The extent of hydrolysis of [*H]-fraction
D by MPM cultures, as well as by MPM extracts at pH 4.0,
was significantly reduced when compared to the hydrolysis of
intact [*H]CL. Fraction D also formed complexes with serum
proteins, and the purified core aldehyde, cholesteryl 9-oxono-
nanoate reacted with €-amino group of lysines. Finally, several
cholesteryl ester aldehydes were detected in lipid extracts of
human atheroma.Bll These results suggest that decomposi-
tion products of extensively oxidized cholesteryl linoleate that
are also present in atherosclerotic lesions, are not adequately
degraded by mouse peritoneal macrophage lysosomes and
could interact with proteins to form ceroid.—Hoppe, G., A.
Ravandi, D. Herrera, A. Kuksis, and H. F. Hoff. Oxidation
products of cholesteryl linoleate are resistant to hydrolysis in
macrophages, form complexes with proteins, and are present
in human atherosclerotic lesions. J. Lipid Res. 1997. 38: 1347-
1360.
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Lipid accumulation in macrophages and smooth
muscle cells of the arterial intima is a characteristic fea-
ture of early as well as late phases of atherosclerosis (1).

It was demonstrated that at least part of the accumula-
tion of intracellular cholesterol occurs in lysosomes (2,
3). ApoB of oxidized LDL (oxLDL) was shown to be
degraded more poorly by mouse peritoneal macro-
phages (MPM) than apoB in acetylated LDL (acLDL),
resulting in the lysosomal accumulation of undegraded
oxLDL protein (4-8). Chronic exposure of cultured
MPM to oxLDL also led to lipid accumulation within
lysosomes, primarily in the form of fluorescent lipid-
protein complexes called ceroid, which are similar to
the autofluorescent pigment granules found in aging
(9). Intracellular lipid peroxidation of polyunsaturated
fatty acids (10) was shown to lead to ceroid deposition
within cells. Ceroid was consistently found in athero-
sclerotic lesions (11) and chemically represents a poly-
mer of oxidized lipid and protein that is insoluble in
organic solvents.

Deficient processing of oxLDL in MPM was initially
attributed to the resistance to proteolysis of apoB in
oxLDL due to intra- and intermolecular cross-linking
by reactive aldehydes formed during lipid peroxidation
such as 4-hydroxynonenal (4, 5). We recently provided
an alternative explanation, namely that oxLDL can di-

Abbreviations: ACAT, acyl-CoA:cholesterol acyltransferase; ACEH,
acid cholesteryl ester hydrolase; acLDL, acetylated LDL, N-BOC-Lys,
(No-tert-butoxycarbonyl)- L-lysine; CapEx, capillary exit; CID, colli-
sion induced dissociation; CO, cholesterol oxidase; CE, cholesteryl
esters; CL, cholesteryl linoleate; DNPH, 2,4-dinitrophenylthydrazone;
ES], electrospray ionization; HPLC, high performance liquid chroma-
tography; LDL, low density lipoprotein; MPM, mouse peritoneal mac-
rophages; MS, mass spectrometry; NCEH, neutral cholesteryl ester hy-
drolase; oxCL, oxidized CL; oxLDL, oxidized LDL; PC, phospha-
tidylcholine; PS, phosphatidylserine; UC, unesterified cholesterol;
vxLDL, vortexed LDI..
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rectly inactivate cathepsin B in vitro at acidic pH (8).
Furthermore, MPM pretreated with oxLDL showed a
reduced ability to degrade lipoproteins. This mecha-
nism could also be responsible for the formation of ce-
roid, as inhibition of lysosomal thiol proteases alone was
found to be sufficient to cause ceroid accurnulation in
experimental animals (12).

Because both lipids and proteins are components of
ceroid, it is possible that the lipid comes from the defi-
cient hydrolysis in lysosomes of cholesteryl esters from
internalized oxLDL. Deficient hydrolysis could be the
result of one or more of several events, e.g., i) direct
inactivation of acid cholesteryl ester hydrolase (ACEH)
by constituents of oxL.DL; #) inhibition of cholesteryl
ester (CE) hydrolysis by incomplete proteolysis of apoB
in oxLDL; and/or i) oxidized CE being a poor sub-
strate for lysosomal ACEH. In this report we show that
oxidized cholesteryl linoleate (CL), consisting of scis-
sion products of CL, some containing terminal carbonyl
groups, is a poor substrate for ACEH and can form co-
valent complexes with lysine side chains. We also docu-
ment the presence of such cholesteryl ester aldehydes
in human atherosclerotic lesions.

MATERIALS AND METHODS

Materials

[1,2,6,7*H(N)]cholesteryl linoleate was obtained
from NEN Research Products (Boston, MA). Choles-
terol oxidase (EC 1.1.3.6, Brevibacterium sp.), fatty acid-
free bovine serum albumin, egg phosphatidylcholine
(PC), phosphatidylserine (PS), (No-fert-butoxycarbon-
yl)-L-lysine (N-BOC-Lys), and filipin were purchased
from Sigma Chemical Co. (St. Louis, MO). Neutral
cholesteryl ester hydrolase (NCEH) (EC 3.1.1.13, Can-
dida cylindracea) was obtained from Boehringer Mann-
heim (Indianapolis, IN). Compound SAH 58-035/6,
an inhibitor of acyl-CoA:cholesterol acyltransterase
(ACAT), was a kind gift from Sandoz Pharmaceutical
Corp. (East Hanover, NJ). Standard 5-oxovaleroyl cho-
lesterol and 5-oxovaleroyl ketocholesterol were pro-
vided by Dr. G. Tirzitis, Institute of Organic Synthesis
(Riga, Latvia). 9-Oxononanoyl cholesterol and the 9-
oxononanoyl esters of 70- and 7B-cholesterol were
available in the laboratory from previous studies (13).
Organic solvents (HPLC grade) were purchased from
Baxter (McGaw Park, IL). Rosewell Park Memorial Insti-
tute (RPMI-1640) medium was from Whittaker Bio-
products Inc. (Walkersville, MD); fetal calf serum and
L-glutamine were from Gibco Laboratories (Grand Is-
land, NY); and tissue culture plates were obtained from
Costar (Cambridge, MA).
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Lipoproteins

LDL was isolated from fresh plasma obtained from
the Cleveland Clinic Blood Bank by sequential ultracen-
trifugation as a 1.019 < d < 1.063 g/ml fraction using
the procedure of Hatch and Lees (14). The LDL was
dialyzed against 0.15 m NaCl containing 0.5 mm EDTA,
pH 8.5, filter-sterilized and stored at 4°C. Radiolabeling
of lipoproteins with [*H]CL was performed by modifi-
cation of the procedure originally described by Sparks
et al. (15). [®*H]CL (50 pCi in 50 ul of toluene) was
added to 200 pl of lipoprotein (500 pg protein/ml),
e.g., native LDL, acLDL, or oxL.DL, and the mixture was
dried under a stream of Ny in a glass vial. After adding 4
ml of the corresponding lipoprotein at a protein con-
centration of 500 pg/ml, the vial was flushed with N,
and gently stirred by gentle inversion for the first 4 h
at 20°C, then overnight at 4°C. After incubation the la-
beled lipoprotein was spun at 10,000 g and passed
through a 0.2-um filter. A typical specific activity of la-
beled lipoproteins ranged between 2000 and 6000
dpm/ug of lipoprotein protein. Oxidation of LDL was
performed by dialyzing LDL at a protein concentration
of 500 ug/ml against PBS containing 10 um CuSO; for
24 h at 37°C. The concentration of EDTA in LDL prepa-
rations was reduced prior to oxidation by overnight dial-
ysis against EDTA-free PBS. Oxidation was terminated
by extensively dialyzing samples against PBS, 0.3 mm
EDTA, pH 7.4. Aggregated LDL was produced by vor-
texing solutions of LDL (500 pg/ml) in PBS, pH 7.4,
containing 0.3 mM EDTA, and 40 um butylated hydroxy-
toluene (6, 8). Acetylation of LDL was performed by
repeated additions of acetic anhydride as described
elsewhere (16).

Generation and fractionation of [*H]CL
oxidation products

Oxidative derivatization of CL was achieved through
incubating dried CL at 100°C under air (17). Five- to
15-ul aliquots of stock solution containing 1 mg of unla-
beled CL and 20 pCi of [*H]CL in 1 ml of chloroform
were dried in a borosilicate glass test tube and incu-
bated at 100°C in an oven for different time periods
with free access to air. Chloroform extracts of the reac-
tion mixture were resolved by TLC on silica gel G using
hexane—ethyl ether—glacial acetic acid 60:70:1.5 (by
vol) as the developing solvent. The location of oxida-
tion products was revealed by *H-autoradiography as de-
scribed below. Oxidized CL {0xCL) separated by TLC
was arbitrarily divided into four fractions, i.e., A, B, C,
and D, based on their R;s (0.73, 0.57, 0.45, and 0.4, re-
spectively). Similar patterns of distribution of *H-radio-
activity were obtained when oxidation was initiated by
other well-established oxidation systems, e.g., 10 pm
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Cu*" in PBS, or 100 pm Fe** in 70% tert-butyl hydroper-
oxide (not shown). The above fractions of ox[*H]CL
were recovered from the silica gel by extraction with 2
X 4.5 ml of chloroform-methanol 9:1 (by vol) and
washed with 2 ml of water. All stock and working solu-
tions of lipid samples or standards were stored as chlo-
roform solutions under N, at —20°C.

Hydrolysis of *H-labeled lipoprotein by macrophages

Thioglycollate-elicited mouse peritoneal macro-
phages (MPM) from C57BL/6 mice (Trudeau Insti-
tute) were harvested, seeded, and cultured as described
elsewhere (6). MPM were incubated with [*H]CL-
labeled lipoprotein, in the absence and presence of an
ACAT inhibitor, SAH 58-035 (10 pg/ml) in DMSO
(18). Control cells (minus ACAT inhibitor) received an
equivalent amount of DMSO. Neither the ACAT inhibi-
tor nor DMSO affected cell morphology or viability, nor
did they inhibit hydrolysis of [*H]JCL by extracts of
MPM at pH 4.0. After incubation (as described in the
text and figure legends), the media and the MPM
monolayers were separately assayed for unesterified
[®*H]cholesterol (UC) and [*H]CE contents as de-
scribed below. Cell monolayers remaining after lipid ex-
traction were dissolved in 0.1 N NaOH, and aliquots
were assayed for protein content as described below.
Calculations of the total cholesterol were based on an
assumption that LDL contains 1.65 mg of total choles-
terol per mg of LDL protein.

Cholesteryl ester hydrolase activity
in a cell-free system

MPM grown in 100-mm Petri dishes (2 X 107/dish)
were washed three times with ice-cold PBS, and cells
were scraped into a small volume of PBS. For each prep-
aration of the cell extract 4—6 dishes were combined
and pelleted by centrifugation at 2,000 g for 10 min.
Cell pellets were quickly resuspended in 1 ml of water,
and ruptured by two 15-s bursts of sonication at 20W
using a tipped-type sonicator (Ultrasonics), followed by
5 cycles of quick freeze-thaw. The homogenates were
spun for 30 min at 10,000 g to remove particulate mat-
ter, and supernatant fractions, defined in this study as
cell extracts, were collected, aliquoted, frozen at —70°C,
and subsequently used in experiments over a period of
2 months. Aliquots of MPM extracts (10-50 pg) were
placed into a borosilicate test tube containing 100 ul of
100 mM acetate buffer (pH 4.0), and the mixture was
pre-incubated for 10-15 min at room temperature. The
assay was started by transferring pre-activated MPM ex-
tracts into borosilicate test tubes containing dried ali-
quots of *H-labeled fractions A and D. After incubation
in a closed tube for 2 h at 37°C, the reaction was termi-
nated by adding 3.5 ml of chloroform-methanol 1:1

Hoppe et al.

(by vol), and the mixtures were assayed for [*’HJUC and
[®*H]CE contents as described below. Substrate blanks
were run under identical conditions with homogeniza-
tion medium added in place of the MPM extract. The
NCEH assay was conducted similarly to the ACEH activ-
ity assay described above, except that the incubation was
carried out in 100 pl of PBS (pH 7.4) containing dried
aliquots of *H-labeled fractions A and D in the presence
or absence of 5 Pl of NCEH (Boehringer Mannheim)
for 2 h at 37°C.

Biopsy samples

Atherosclerotic lesions in carotid endarterectomy
samples were obtained at the Cleveland Clinic Founda-
tion and immediately placed into PBS, pH 7.4, con-
taining 0.1% EDTA, 0.15% e-aminocaproic acid, 40 um
butylated hydroxytoluene, and 1 mM phenylmethylsul-
fonylfluoride. Plaque material (0.4~1.0 g) was sepa-
rated from media and adventitia, minced into small
(0.5-1.0 mm?) pieces, and total lipid extracts of athero-
mas were obtained by extraction with chloroform-
methanol using the method of Bligh and Dyer (19).
Lipid extracts from atherosclerotic tissue were stored in
chloroform, containing 40 umM butylated hydroxytolu-
ene, at —20°C under nitrogen.

Preparation of the cholesteryl core
aldehyde /lysine adduct

Cholesteryl 9-oxononanoate (1 mg) was dissolved in
isopropanol-methanol 1:1 (2 ml) and the solvent was
blown down in a test tube. Two ml of water containing
2 mg N-BOC- Lys were then added followed by 1 ml
methanol. The mixture was sonicated for 1 min using
short bursts at maximum power (Bronson 1200 Sonica-
tor). The sonicated mixture was left standing (4 h) at
room temperature. The Schiff base formed was reduced
by adding sodium cyanoborohydride in methanol to a
final concentration of 70 mM and the mixture was kept
at room temperature for 1 h. The reduced Schiff base
was extracted with chloroform-methanol 2:1, the sol-
vent was blown down under N,, and the residue was re-
dissolved in a small volume of chloroform-methanol 2:
1 for injection into the normal phase HPLC/ESI/MS
system. A similar extract of the unreduced Schiff base
was examined by flow injection / ESI/MS.

Lipid analysis

Lipid extraction procedures. Lipid extraction from aque-
ous samples was performed by a simplified version of
the Bligh and Dyer (19) procedure suitable for small
volume samples. Briefly, 250 pl of aqueous medium
were added to 3.5 ml of chloroform-methanol 1:1,

which formed a one-phase solvent system. After a 10—
30 min extraction at room temperature with occasional
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shaking, 1.25 ml of H,O was added, samples were vigor-
ously vortexed, and spun in order to break the mixture
into two phases. Cellular lipids were extracted twice
with 500 ul of hexane-isoprophyl alcohol 3:2 for 30
min on a rocking platform (20).

Derivatization of cholesterol by cholesterol oxidase. To sepa-
rate fraction D from UC a procedure originally devel-
oped by Lange and Ramos (21) was adopted. Lipid ex-
tracts were dried in borosilicate test tubes and 250-ul
aliquots of 0.5 mm NaH,PO, buffer (pH 7.5) containing
310 mm sucrose and 5 pl of a stock solution of choles-
terol oxidase (CO) (2 units/ml final concentration)
were added to each sample. After incubating the mix-
tures for 60 min at 37°C with intermittent shaking, the
reaction was stopped by adding 3.5 ml of a chloroform--
methanol 1:1 mixture, and lipid extraction was per-
formed as described above.

Thin layer chromatography (TLC) was performed on sil-
ica gel G plates with aluminum backing to facilitate cut-
ting. Chromatography was performed using the follow-
ing solvent systems: system 1, hexane-—ethyl ether—

glacial acetic acid 80:20:1 (by vol), for separation of

UC and CE; system 2, hexane—ethyl ether—glacial acetic
acid 60:70:1.5 (by vol), for separation of UC and oxCL.
Neutral lipid standards (Sigma) were visualized by io-
dine vapors. Respective regions of the TLC plate were
removed, and *H-radioactivity in each region was ex-
tracted and counted in an EcoLite(+) (ICN) scintilla-
tion liquid. The location of *H-labeled lipids on a TLC
plate was revealed by solid-phase scintillation autoradi-
ography. Dried TLC plates were sprayed with EN*
HANCE™ (NEN Research Products), a compound for
surface autoradiography, and incubated with Kodak X-
ray film for 20-48 h. Developed film was subjected to
image analysis using a videocamera interfaced with a
Macintosh computer.

Preparation of dinitrophenylhydrazone (DNPH) derivatives.
An aliquot of fraction D was treated with 2,4-dinitrophe-
nylhydrazine (0.5 mg in 1 ml of I N HCI) for 2 h at
20°C and at 4°C overnight (22). The DNPH derivatives
were extracted with chloroform—methanol 2:1. The
chloroform layer, which contained the DNPH deriva-
tives of the core aldehydes along with other oxidation
products of the cholesteryl linoleate, was subjected to
high-performance liquid chromatography/electro-
spray ionization/mass spectrometry (HPLC/ESI/MS)
directly or after initial separation by TLC (23).

HPLC/ESI/MS of fraction 1). The DNPH derivatives of
fraction D were analyzed by HPLC/ESI/MS as de-
scribed elsewhere (24). A Hewlett-Packard (Palo Alto,
CA) model 1090 liquid chromatograph was used that
was interfaced via electrospray with a Hewlert-Packard
model 5985B quadrupole mass spectrometer. A Supel-
cosil LC-18 HPLC column (250 mm X 4.6 mm ID, Su-
pelco, Bellefonte, PA) was used, and fractions were
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eluted using a linear gradient of 20-80% isopropanol
in methanol over 30 min at a flow rate of 0.8 ml/min.
The detection sensitivity in the negative ion mode was
facilitated by adding 1% ammonium hydroxide solution
(30%) in isopropanol post-column at a flow rate of 0.2
ml/min. Mass spectra were recorded over the mass
range of 200-1200.

HPLC/ESI/MS of atheroma extracts. The chloroform
extracts were blown down under nitrogen and re-
dissolved in chloroform—methanol containing dinitro-
phenylhydrazine as previously described (23). The DNPH
derivatives along with the unreacted lipids were sub-
jected to reversed phase HPLC/ESI/MS. A Hewlett-
Packard reversed phase C-18 column (100 mm X 2.1
mm [.D.) was installed in the liquid chromatograph and
connected to a mass spectrometer via the electrospray
interface as described above. The column was devel-
oped with a linear gradient of 100% solvent system A
(methanol-water-30% ammonium hydroxide, 80:12:
0.5, by vol} by changing to 100% solvent system B
(methanol-hexane-30% ammonium hydroxide, 80:
12:0.5, by vol) in 30 min, after initially holding for 1
min at 100% system A and finally holding at 100% sys-
tem B for 5 min. For fraction collection, a split ratio of
1:50 was used with a flow rate to the mass spectrometer
adjusted to 25 pul/min. Temperature of the drying gas
was reduced from 300°C to 200°C and the flow of the
nebulizer gas was reduced from 60 to 40 bar.

Normal phase HPLC/LSI/MS on the cholesteryl  9-
oxononanoate/N-BOC-Lys  adduct.  Chromatographic
analysis of the reduced reaction products of lysine and
cholesteryl core aldehyde were performed on Spheri-
sorb column (3 pum, 100 mm X 4.6 mm ID, Altech,
Guelph, Ontario) installed in a Hewlett-Packard (Palo
Alto, CA) model 1090 liquid chromatograph connected
to a Hewlett-Packard 5988B Quadrupole mass spec-
trometer, and equipped with a nebulizer assisted elec-
trospray interface (A. Ravandi, A. Kuksis, N. Shaikh and
G. Jackowski, unpublished results). The column was
eluted with a linear gradient of 100% solvent system C
(chloroform-methanol-30% ammonium hydroxide,
80:19.5:0.5, by vol) by changing to 100% solvent system
D (chloroform-methanol-30% ammonium hydroxide,
60:34:5.5:0.5, by vol.} in 14 min, followed by 100% sys-
tem D for 10 min. Positive ionization spectra were taken
in the mass range 400-1200. Selected ion spectra were
retrieved from the total ion spectra by computer anal-
ysis.

Protein assay

The protein content of lipoproteins, cells, and of cell
extracts was measured by the bicinchoninic acid (BCA,
Pierce) assay using bovine serum albumin as a standard
(25). Samples were diluted in 1% SDS to minimize tur-
bidity.

2T0Z ‘8T aunc uo ‘1sanb Ag 610" Jj-mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

o [BH]CL-acLDL
e [3H|CL-oxLDL
A [BHICL-vxLDL

200

100

[3H]CL Hydrolysis
(1g chol/mg cell protein)

0 100 200

Lipoprotein Uptake (ng chol/mg cell protein)

Fig. 1. Hydrolysis by MPM of [*H]CL incorporated into various
forms of modified LDL. MPM were incubated in RPMI medium con-
taining 0.2% bovine serum albumin and the indicated concentrations
of [*H]CL-0oxL.DL, [*H]CL-acLDL, or [*H]CL-vxLDL for 20 h in the
presence of 10 pg/ml of the ACAT inhibitor, SAH 58-035. Culture
media were collected at the end of the incubation, and cell mono-
layers were washed three times with PBS. Media and cellular lipid ex-
tracts were resolved by TLC and analyzed for [*HJUC and [*H]CE
content. [*H]CE hydrolysis ([*"HJUC content of media and cells) is
presented as a function of [*H]-lipoprotein uptake (cell-associated
*H-label plus medium [*H]UC).

RESULTS

Cellular hydrolysis of intact [*H]CL incorporated
into oxLDL

To explore whether components within an oxLDL
particle affect the intracellular hydrolysis of CL, we
compared the hydrolysis by MPM of [*H]CL incorpo-
rated into oxLDL with that of [*H]CL incorporated into
either native LDL or acLDL. To increase the delivery
of native LDL into MPM, we aggregated [*H]CL-LDL
by vortexing (vxLDL) immediately prior to addition to
the cells. The amount of [*H]UC formed by MPM over
20 h in the presence of the ACAT inhibitor, SAH 58-
035, increased linearly with the lipoprotein uptake
(cell-associated *H-label plus [*H]JUC in the media)
(Fig. 1). However, the rate of hydrolysis was not reduced
for [*"H]CL incorporated into oxXLDL when compared
to that of vxLDL or acLDL. Media [*H]UC was due en-
tirely to intracellular hydrolysis, as we found no CE-
hydrolyzing activity in the MPM-conditioned media at
either pH 7.4 or pH 4.0. In addition, cell extracts
prepared from MPM pretreated with oxLDL for 24 h
demonstrated no decrease in hydrolytic activity towards
[*H]CL when compared to extracts of control MPM
pre-incubated with either acLDL or native LDL (not
shown). These results suggests that it is unlikely that
ACEH in MPM was inactivated by some components of
oxLDL.

Hoppe et al.

CE— @& ' A
FFA — | % B
. C
uc — b
7-keto —
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%
origin — # .
0 15 30 45 60

minutes at 100°C

Fig. 2. Oxidation of [*H]CL. Aliquots of [*"H]CL (5 pg, 0.1 uCi) were
incubated at 100°C in an oven with free access to air for the indicated
time periods. At the end of each incubation, lipid-soluble products
of oxidation were extracted according to Bligh and Dyer (19) and
resolved by TLC using system 2 as a developing solvent (see Methods).
Solid-phase scintillation autoradiography was performed as described
in Methods. Standards are: CE, cholesteryl oleate; FFA, free fatty acid
(oleic acid); UC, cholesterol; 7-keto, 7-ketocholesterol.

Isolation of products of [*H]CL peroxidation by TLC

Shown in Fig. 2 are representative TLC profiles of
[*H]CL oxidized to different degrees by incubating at
100°C (17). Four characteristic bands were detected on
TLC of oxCL, designated fractions A, B, C, and D. With
increasing degrees of oxidation, fractions A, B, and C
were found to be transient and finally disappeared (Fig.
2), i.e., were intermediate products of CL oxidation,
whereas fraction D steadily increased, and appears to
be a final stage in the oxidative modification of CL. For
these reasons we chose to study the hydrolysis of frac-
tions A and D only. When fractions of oxCL were first
purified by extraction from respective regions of the
TLC plate and then saponified, the hydrolyzed fractions
A, B, C, and D were shown to contain oxysterols and
UC (Fig. 3). The ratio of oxysterol/UC increased in

NaOH
([ [-T+]-14+]- [+
CE — -
FFA — |
uc —
7-keto —
origin —

Fig. 3. Saponification of fractions of oxCL. Aliquots of *H-labeled
fractions A, B, C and D were dried in borosilicate glass test tubes, and
200 pl of ethanol with or without 1 N NaOH (£NaOH) was added
for 30 min at 60°C. After evaporation of ethanol under N,, samples
were further processed for lipid extraction, TLC, and autoradiogra-
phy as described in Methods. Standards are the same as in Fig. 3.
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—

— UuC
— 7-keto

E
—CE
— UC
— 7-keto

0 15 30 0 1530
Time of oxidation (min)

Fig. 4. Filipin staining of TLC. Aliquots of 5 pg of [*H]CL (0.1 pCi)
were incubated in an oven with free access to air at 100°C for the
indicated time periods. One half of each sample was then saponified
(+NaOH); the remainder of each sample received similar treatment
at 60°C except that no NaOH was added. Lipid extracts of intact (left
panel) and saponified (right panel) samples were developed on two
separate TLC plates. (a) Autoradiogram of the TLC plate. (b) Filipin
staining was performed as described elsewhere (26). Briefly, TLC
plates were incubated for 30 min in the filipin suspension (120 pg in
PBS) at 37°C. After staining and washing 2 X 10 min in H,O, choles-
terol spots were visualized by simple UV-transillumination. Standards
are the same as in Fig. 3.

fraction D relative to that in fraction A. It is likely that
fraction D is still at least partially acylated, as saponifica-
tion of fraction D resulted in the appearance of addi-
tional bands, presumably oxysterols (Fig. 3).

To determine whether fraction D contained any UC,
we utilized the fluorescent dye filipin, previously shown
to interact with UC or oxysterols, but not esterified
forms of cholesterol (26, 27). As seen in Fig. 4, neither
intact nor oxidized CL interacted with filipin, whereas
saponification of the above samples resulted in the ap-
pearance of filipin-positive spots with Rfs corresponded
to UC and oxysterol. This result suggests that the
cholesteryl ester bond is still preserved in extensively
oxidized CL.

Hydrolysis of fractions of oxCL by MPM

As fraction D co-migrated with UC on TLC, it was not
possible to use this separation technique to assess the
formation of UC from fraction D (Fig. 3). However, we
found that treatment with cholesterol oxidase (CO)
specifically changed the TLC mobility of UC yielding 4-
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cholesten-3-one (21), but not that of fraction D (Fig.
5). Thus, treating the sample with CO before TLC en-
abled us to separate UC from fraction D and thereby
measure hydrolysis of the latter.

To determine the hydrolysis of oxCL in the cell-free
system we used either MPM extracts at pH 4.0 as a
source of ACEH activity or commercial NCEH (Boeh-
ringer Mannheim). Incubation with NCEH for 1 h led
to complete hydrolysis of *H-labeled fraction A (100%
of the maximal extent of hydrolysis determined by sa-
ponification), but only about 62% of *H-labeled frac-
tion D (Fig. 6a) as assessed by densitometry of autora-
diograms. Lysosomal enzymes in MPM extracts were
able to hydrolyze 75% of *H-labeled fraction A, whereas
the hydrolysis of *H-labeled fraction D did not exceed
15% (Fig. 6a). From time-course studies of hydrolysis
by MPM extracts (Fig. 6b), hydrolysis of both fractions
A and D reached a plateau after an incubation for 3 h,
indicating that not only the rate but also the extent of
fraction D hydrolysis by lysosomal ACEH was reduced.

We also studied the hydrolysis of fraction D by intact
MPM. Fraction D was added to MPM by two different
ways, as a lipid emulsion or as anionic liposomes. Incor-
poration of fraction A into lipoproteins proved to be
far less efficient than comparable incorporation of frac-
tion D (not shown) and, therefore, this approach was
not used for subsequent hydrolysis studies. Injecting
fraction D solubilized in ethanol into the culture media
produced a lipid emulsion which would be expected to
partition freely into the plasma membrane and/or be
internalized by phagocytosis, resulting in a distribution
within lysosomal as well as non- lysosomal compart-
ments. However, such a delivery makes it impossible to
distinguish between lipid hydrolysis by NCEH and

3-one — — 3-one
uc — — UucC
7-keto — — 7-keto

D
+NaOH

+NaOH

Fig. 5. Sterol derivatization by cholesterol oxidase. Aliquots of sa-
ponified [*H]CL, *H-labeled fraction D, and saponified *H-labeled
fraction D were treated with or without CO (£CO) as described in
Methods. Lipid extraction, chromatography, and autoradiography
were performed as described in Methods. Standards are: 3-one, 4-
cholesten-3-one; UC, cholesterol; 7-keto, 7-ketocholesterol.
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CE-

3-one —
uc-

7-keto —

origin—

80

Unesterified Cholesterol
Formed (% of total OD)
8

Time (hr)

Fig. 6. Hydrolysis of fractions of oxCL by NCEH and ACEH. (a) Ali-
quots of *H-labeled fractions A and D were dried in borosilicate glass
test tubes (35,000 dpm/tube). Three sets of tubes from each fraction
were prepared. One set received 200 pl of PBS containing 2 pl of
stock solution of NCEH (N). Another set received 150 pl of acetate
buffer (pH 4.0) containing 50 pug of MPM extract (M). A control set
received 200 pl of acetate buffer (O). After incubation at 37°C for 2
h, lipid extracts of the samples were obtained and then treated for
60 min in the absence (fraction A, no CO) or presence (fraction D,
+ CO) of cholesterol oxidase. Lipid extraction, chromatography, and
autoradiography were performed as described in Methods. Standards
are the same as in Fig. 3. (b) Time-course: *H-labeled fractions A and
D were incubated with MPM extracts in acetate buffer (pH 4.0) for
the indicated time periods. Results were expressed as the percent of
optical density under the UC spot relative to the optical density mea-
sured for the whole lane.

ACEH. To direct substrates specifically into lysosomes,
we incorporated cholesteryl esters into phosphatidylser-
ine (PS)-containing liposomes. Vesicles containing an-
ionic phospholipids were previously shown to be inter-
nalized efficiently by MPM via receptor-mediated
endocytosis and, unlike PC-containing liposomes, were
rapidly delivered to lysosomes (28). Almost 100% of the
cell-associated 3H-label was found in [*H]JUC when
MPM were incubated for 20 h with *H-labeled fraction
A, as contrasted to *H- labeled fraction D, in which only
60% of the cell-associated *H-radioactivity was in the
form of [*H]UC (Fig. 7). Delivery by PS- containing lipo-
somes consistently caused slightly less hydrolysis of frac-
tion D than that obtained with a lipid emulsion, which
would be presumably accessible for both lysosomal
ACEH and cytoplasmic NCEH. This is consistent with the

Hoppe et al.

+CO

no MPM | +MPM

—CE

— 3-one
— UucC

— origin
A|D|A|D
PS-ves. | Emuls.

A|D

Fig. 7. Hydrolysis of the fraction D by MPM. A PS-containing sub-
strate (PS-ves.) was prepared and was comprised of PC/PS/dicetyl
phosphate/UC (1:1:0.2:1.5 mol/mol) and a trace amount of *H-la-
beled fraction A or D. Emulsions (Emuls.) of CE were prepared by
injection of an ethanol solution of *H-labeled fraction A or D (25 pl)
into 5 ml of culture media. MPM cultures were incubated with the
above substrates (200,000 dpm /well) for 20 h in the presence of 10
ug/ml of SAH 58-035 (+MPM). Control samples were incubated on
the same plate in the wells containing no cells (no MPM). The cells
were then washed three times with PBS, and lipids from cell and con-
trol samples were extracted and treated with CO. The [*H]UC forma-
tion was analyzed by autoradiography after TLC of the lipid extracts.
Standards are the same as in Fig. 3.

lower ability of ACEH to hydrolyze substrates when com-
pared to that of NCEH in cell-free studies (Fig. 6).

Identification of cholesteryl ester core aldehydes in
fraction D

The DNPH derivatives of fraction D were subjected
to reversed phase HPLC/ESI/MS, and the intensities
of both negative and positive ions were recorded for
each peak. In the positive ion mode we detected only
the characteristic sterol ring moieties associated with
each HPLC peak, e.g., m/z 367 (cholestenol); m/z 369
(cholesterol); m/z 385 (5,6-epoxycholesterol); m/z 385,
(7-hydroxycholesterol); and m/z 383 (7- ketocholes-
terol). These ions were associated with the HPLC peaks
also containing the [M-1] ions detected in the negative
ion mode (Fig. 8a,b). The major peak in the negative
ion profile of fraction D (peak 12) showed the same
retention time of 15.3 min as that of the DNPH deriva-
tive of cholesteryl 19-oxononanoate (Fig. 8c). Synthetic
cholesteryl 9- oxononanoate was prepared from
cholesteryl linoleate by oxidation with osmium tetrox-
ide and reduction with sodium sulfite (13), for which
only a single [M—1] ion corresponding to the molecular
mass at m/z 719 was detected in the appropriate HPLC
elution range (15-16 min) and the mass range (300-
900) (not shown). No peak was detected at 12.447 min
(Fig. 8a), the retention time for synthetic 5- oxovaleroyl
ester (13), indicating the absence of any oxovaleroyl es-
ter in fraction D. Increasing the exit voltage of the ESI
block from 170 V to 300 V yielded cholesterol and oxy-
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genated cholesterol ring moieties. Apparently, there g
was no cleavage of the hydrazone bond with the release a g O BHICL
of the cholesteryl ester core aldehydes from the DNPH 55 W BHD
derivative under the present working conditions. ég
Leliyel -

Interaction of fraction D with proteins §§ 10

The presence of lipid aldehydes in fraction D suggests ‘E 2
the possibility of covalent interactions between oxCL g3
and proteins (29, 30). When MPM were incubated with E:__g J
RPMI containing 10% lipoprotein-deficient serum and B
*H-labeled fraction D or [*H]CL incorporated into PS- < cells media
liposomes, we obtained incomplete recovery of the in- CLAD CLATD
ternalized label of “H-labeled fraction D from cell b well 0 I

monolayers by conventional lipid extraction with hex-
ane—isopropyl alcohol 3:2. To explore whether the la- !
bel was still associated with MPM, we solubilized cell IgG — |
monolayers in NaOH after extensive lipid extraction,
and measured *H-radioactivity present in the NaOH ex-

i "N

tract. As seen in Fig. 9a, four times more *H-label was BSA — =

found in the cell layer after incubation with *H-labeled front — g b

fraction D than with [*H]CL. Likewise, when the incu-

bation medium was subjected to lipid extraction and Coomassie [3H]-Radioactivity

the protein interface was extensively washed with chlo-

roform’ a Signiﬁcan[ly hlgher por[ion Of the :‘H_labeled Fig. 9. (:X;]lpl(?xill}.g (2)1 .‘l‘ll-l'&fldil()il(i:is\’ily with CC"llI}lhl' and serum pl'()l-
g . . : ) . . N teins. (a) Aliquots of 25 ul of the PS-containing substrates prepared

frécqon D-label ‘WAS founfi St}“ assocnate.d with the Pros as described in Fig. 8 (200,000 dpm /well) were incubated with MPM

tein interface (Fig. 9a). Binding of fraction D to serum cultures for 20 h. Conditioned media and cell monolayers were col-

proteins was cell-independent, as virtually identical in- lected separately and subjected to lipid extraction. The protein inter-

creases in roteii-bound. *H-label were chserved wh face resulting from Bligh-Dyer lipid extraction of the media was ex-

li i pd fich A C' C': dSC .eh ‘vlv_l Tn tensively washed 3 times with 3 ml of chloroform. Likewise, cellular

lpoprotem- elicient serum was mncubated with “H-la-

beled fraction D but not with [*H]CL in the absence of

proteins were washed repeatedly with hexane—-isopropanol. The pro-
tein residues were then dissolved in 0.1 N NaOH for measurement

cells (not shown). These data suggest that components of tritium label. Prior to mixing with scintillation fluid, samples were

in fraction D had interacted with cell proteins resulting

in their insolubility in organic solvents. The formation

neutralized with an equinormal amount of HCL (b) Aliquots of
[*H]CL, *H-labeled fractions A, or D (10° dpm) in chloroform were
dried on a 2 X 2 mm glass filter and placed on the bottom of borosili-

cate glass test tubes, and 50 pl of 10% LPDS in PBS containing 2
muMm EDTA, and 40 pum of butylated hydroxytoluene were added. After
incubation at 37°C for 24 h the unbound lipid was extracted 3 times
with 1 ml of ethyl ether. For SDS/PAGE, aqueous phases were mixed
with the sample buffer containing 63 mm Tris-HCI (pH 6.8), 10%
glycerol, 2% SDS, and 0.0025% bromophenol blue. The samples were
electrophoretically resolved on precast 4-12% Tris-glycine gels
(NOVEX, San Diego, CA). Gels were then fixed, stained, soaked in
EN*HANCE™ according to the manufacturer’s specifications before
drying and autoradiography.

of detergent-resistant complexes between lipoprotein-
deficient serum and fraction D was further confirmed
by SDS/PAGE (Fig. 9b), suggesting a covalent interac-
tion between fraction D and serum proteins.

Schiff base adducts of core aldehydes

In order to demonstrate the reactivity of the C, alde-
hyde ester of cholesterol with amino groups of amino
acids and polypeptides, we examined the Schiff base
formation between cholesteryl 9-oxononanoate and the
amino acid lysine with blocked o-amino group, N-BOC-

Fig. 8. Reverse phase HPLC/ESI/MS of fraction D after reaction with 2,4-dinitrophenylhydrazine. (a) Total negative ion [M-1] current
profile of a chloroform—methanol extract of the reaction mixture. Peak identification (based on both [M-1] and sterol ring ions (m/z 369-385)
detected in positive ion mode): Peak 1, unknown (m/z317); Peak 2, unknown (m/z431); Peak 3, 7a-hydroxycholesteryl 9-carboxynonanoate (m/
2571, 385); Peak 4, 7B-hydroxycholesteryl 9-carboxynonanoate (m/z 571, 385); Peak 5, 5,6-epoxycholesteryl 8-carboxyoctanoate (m/z 557, 385);
Peak 6, 5,6-epoxycholesteryl 9-carboxynonanoate (m/z 751, 385); Peak 7, 7a-hydroxycholesteryl 9-oxononanoate DNPH (m/z 735, 385); Peak
8, 7B-hydroxych()lesluyl 9-oxononanoate DNPH (m/z 735, 385); Peak 9, 7-ketocholesteryl 9-carboxynonanoate DNPH (m/z 735, 383); Peak
10, cholesteryl 9-carboxynonanoate (m/z 555, 369); Peak 11, cholesteryl 8-oxooctanoate DNPH (m/z 705, 369); Peak 12, cholesteryl 9-oxonona-
noate DNPH (m/z 719, 369). Instrumentation and operating conditions are given in Methods. CapEx = 170 V; (b) full mass spectrum averaged
over the entire elution profile in (a); (c¢) Single ion chromatograms of major ions detected in the full spectrum corresponding to [M=1] of
known cholesteryl linoleate peroxidation products.
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Fig. 10. Demonstration of Schiff base formation between cholesteryl 9-oxononanoate and the €-amino group of N-BOC-Lys. (a) Total positive
ion current of NaCNBH; reduced base as obtained by HPLC/ESI/MS at CapEx voltage of 120. (b) Full mass spectrum at CapEx = 120 V
averaged over the entire peak eluted in (a). (c¢) Full mass spectrum at CapEx = 300 V averaged over the entire peak eluted in (a). lon identifica-
tion: m/z 771, [M + 11%; m/z 788 [M + NH,]*; m/z 715, [M—~tert-butyl + 11*; m/z 845, [M + 57 + 18]%; m/z 525, [M=N-BOC-Lys] *; m/z 369,
cholesterol ring; m/z 303, reduced Schiff base of N-BOC-Lys and 9-oxononanoate, HPLC and mass spectrometry conditions are as given under

Methods.

Lys. The free e-amino group readily reacted with the
core aldehyde to yield a Schiff base. The base gave a
correct molecular mass of m/z 769 [M + 11* on flow
injection/ESI/MS at a capillary exit (CapEx) of 120V
(not shown). The base was stabilized by sodium cyano-
borohydride reduction which increased its mass to m/z
771 (Fig. 10b) and permitted its chromatographic pu-
rification. Fig. 10a shows the total negative ion current
profile as obtained by normal phase HPLC/ESI/MS
along with the full mass spectrum averaged over the en-
tire HPLC peak (Fig. 10b) and the averaged full mass
spectrum averaged over the entire HPLC peak after in-
creasing the exit voltage of the ESI block from 120 to
300 (Fig. 10c). The fragment ions formed upon ESI/
CID /MS clearly support the Schiff base structure of this
compound by yielding the fragment ions anticipated
from a loss of the fert-butyl group [M-571" at m/z 715,
[M-N-BOC- Lys]* at m/z 525, and [M-N-BOC-Lys +
9- oxononanoate]* at m/z 369 (cholesterol ring) (Fig.

1356 Journal of Lipid Research Volume 38, 1997

10c¢). Although HPLC/ESI/MS at two different CapEx
voltages is not a conventional MS/MS, it is considered
adequate for the characterization of chromatographic
peaks selected from efficient HPLC separations (31).

Detection of cholesteryl ester core aldehydes in
human atherosclerotic lesions

Finally, we have examined total lipid extracts from six
human atheroma biopsies and have been able to show
that all of them contain readily detectable amounts of
cholesteryl ester core aldehydes. HPLC/ESI/MS analy-
sis of the parts of the total negative ion profiles corre-
sponding to the UV absorbing peaks of the DNPH deriv-
atives of standard cholesteryl ester core aldehydes
yielded a homologous series ranging in chain length
from 4 to 9 or 10 carbons (Fig. 11). In the representa-
tive sample analysis shown, the major species were the
Gy and C; aldehydes, but the C; aldehyde was also found
in significant amounts. There was some variation from

2T0Z ‘8T aunc uo ‘1sanb Ag 610" Jj'-mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

E
140000 a 8
120000 g
100000 2
00000 Time> S0 Wm0 Hw Bw N
60000
40000
20000
° $.00 1000 15.00 20.00 2500 Tim
Abundance 78 (min)
b Average of 14.581 to
o0 16.702 min
2000
705
1000
e O el .. .
07e%0 60 670 680 &0 700 710 T20 730 740 150 760 170 140 MO
mz
Abundance
[ ]
mao: l K m/Z719 _
s A\ mz705
m:i . A m/z691
“ M mEST |
m/z663
o] A
m] ‘m/z 649
° 6.00 1000 15.00 20.00 %0 Time
(min)

Fig. 11. Demonstration of the presence of cholesteryl ester core al-
dehydes in human atheroma. (a) Total negative ion current profile
of 2,4-dinitrophenylhydrazine-treated chloroform—methanol extract
of human atheroma as obtained by reverse phase HPLC/ESI/MS. (a)
Inset: Simultaneously recorded UV absorption profile with aldehyde
region shaded in. (b) Full spectrum averaged over the total ion cur-
rent peak corresponding to the shaded area in the inset in (a)
(14.581-16.702 min). Ion identification: m/z 731, 10-oxodecenoyl
cholesterol; other ions are identified as show in (c). (¢) [M-1] Ion
chromatograms for cholesteryl ester core aldehydes: Co, m/z 719, Cs,
m/z705; C;, m/z691; Ce,m/2677; Cs, m/2663; C,, m/z2649. HPLC and
mass spectrometry conditions are as given under Methods. CapEx =
170 V.

sample to sample in the relative proportion of the dif-
ferent chain lengths of the aldehydes as well as in the
total amounts of the aldehydes, but none of the lesions
appeared to be aldehyde free. Kamido et al. (22) had
reported that inclusion of dinitrophenylhydrazine in
the extraction solvent increased the recovery of the al-
dehydes because the hydrazine caused the displace-

Hoppe et al.

ment of the aldehydes from their protein-bound forms.
In the present study, readily detectable amounts of core
aldehyde were recovered by a simple chloroform-meth-
anol extraction of the atheroma samples. Atheroma-
free areas of one human aorta sample obtained post
mortem failed to show the presence of core aldehydes
(not shown). These studies are consistent with an ear-
lier report in abstract form (32) demonstrating the
presence of cholesteryl ester core aldehydes in human
atheromas.

DISCUSSION

Extensive oxidation of [*H]CL resulted in almost
complete consumption of authentic CL, consistent with
other studies (22, 33-36). However, products of such
oxidative breakdown appear to preserve the ester bond,
as all fractions were filipin negative, and UC and oxy-
sterols were readily released by saponification. Based on
HPLC/ESI/MS analysis, the most abundant fraction of
oxCL, fraction D, contained lipid core aldehydes, i.e.,
cholesterol or oxysterol esters of 9-oxononanoate. Es-
terbauer and Zollner (37) predicted the formation of
lipid esters containing Cs, Cy, and G;; fatty acid chains,
as a result of terminal peroxidation of polyunsaturated
acids. This idea was confirmed by the identification of
““core aldehydes’ in copper-oxidized LDL (38), as well
as in CL treated with fertbutyl hydroperoxide/Fe**
(23). Cs, Gy, Cyy, G5 core aldehydes, derived from the
oxidation of CL, were previously identified (23) and
later also detected in oxLDL and oxidized high density
lipoproteins (22). In a recent report by Itabe et al. (39)
the presence of chemically related phospholipid-based
core aldehydes, i.e., C3 and G, aldehydes, was found in
the fractions of oxidized PC.

To define the pathophysiological importance of the
identification of core aldehydes, it is necessary to dem-
onstrate their existence in vivo. The presence of ‘‘polar
lipids™ with characteristic TLC mobility, and identified
as oxysterol esters of linoleic acid, was first demon-
strated in atherosclerotic aortas as early as in the begin-
ning of the 1970s by Brooks et al. (40). Recently Itabe
et al. (39) found that a monoclonal antibody directed
against an epitope in foam cells of human atheroscle-
rotic lesions (41) can also recognize a protein-bound Cy
aldehyde of oxidized PC. However, up to now, chemical
evidence for the presence of core aldehydes in vivo was
missing. In this study we were able to show by mass spec-
trometric analysis the existence of a variety of core alde-
hydes in human atheroma. However, given the chemi-
cal complexity of atherosclerotic plaques, further work
will be needed to fully identify and characterize the
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cholesterol-containing aldehydic species found in lipid
extracts of human atherosclerotic lesions.

In a previous publication we showed that oxLDL is
capable of inactivating the lysosomal thiol protease, ca-
thepsin B (8). It was, therefore, conceivable that ACEH,
which is sensitive to sulthydryl modifying reagents (42),
might also be inactivated by compounds in oxLDL.
Some lipid constituents of oxLDL, such as lipid hydro-
peroxides, were reported to cause inactivation of both
acid and neutral cholesteryl ester hydrolase (43),
whereas other constituents, such as oxysterols, appear
to have no effect (44). Based on data obtained from
the literature, one would anticipate that the extensively
oxidized LDL used in our study is depleted of hydroper-
oxides (33) but is rich in oxysterols (34, 35). Indeed,
in this present study components of extensively oxi-
dized LDL did not inhibit the hydrolysis of [*H]CL by
MPM. This assumption is supported by our observation
that incorporation of [*’H]CL into oxLDL. did not lead
to reduced hydrolysis of this CL relative to CL in LDL.
Likewise, Maor and Aviram (45) recently reported that
authentic [*H]CL present in oxLDL particles was effi-
ciently hydrolyzed by J774 macrophages.

One can postulate several mechanisms by which core
aldehydes present in oxCL could cause the deficient hy-
drolysis of CL. First, the length of the fatty acid chain
in CE is critical for the rate of its enzymatic hydrolysis.
CE with an acyl chain shorter than 10 carbons were
shown to be hydrolyzed by ACEH much slower than C,
or Cy4 cholesteryl esters (42). Thus, it is conceivable that
some of the resistance of fraction D to hydrolysis by
MPM extracts under acidic conditions could be due to
its suboptimal recognition by lysosomal ACEH. A poten-
tial alternative explanation for the resistance of the sec-
ondary peroxidation products of cholesteryl linoleate
to ACEH and NCEH could be provided by aldol con-
densation of the core aldehydes. We observed that syn-
thetic cholesteryl 5-oxovalerate tends to dimerize upon
storage giving a m/z value of 969 (A. Ravandi and A.
Kuksis, unpublished observation). However, the corre-
sponding dimer of the C, aldehyde (m/z 1181) was not
detected in fraction D. Finally, poor hydrolysis of oxCL
could be also explained by the ability of some products
of CL peroxidation to bind covalently to proteins and
thereby become unavailable for enzymatic degradation.
If poor hydrolysis of oxCL by MPM were to occur, it
would lead to the retention of fraction D in lysosomes
of MPM. Given the UC-like mobility of the fraction D
on TLC, the above mechanism could provide an alter-

native explanation for the apparent accumulation of

UC in lysosomes after the internalization of oxLDL by
macrophages (45).

The ability of oxidized lipids to cross-link proteins is
not limited only to low molecular weight aldehydes such
as malondialdehyde and 4-hydroxynonenal. It was re-

1358  Journal of Lipid Research Volume 38, 1997

cently demonstrated that, after oxidation, radiolabeled
phospholipids and cholesteryl esters that were incorpo-
rated into LDL became associated with apoB and were
suggested to be bound covalently (46). In addition, an-
other recent study provides evidence that oxidized PC
forms complexes with lysyl residues on proteins, due to
the presence of 9-oxononanoyl PC (39). It is possible
that the formation of lipid—protein complexes could oc-
cur via interactions between the carbonyl group of lipid
core aldehydes (22) and lysine groups on proteins (29).
In this study we demonstrated such Schift base adduc-
tion of synthetic C, cholesteryl ester core aldehyde with
g-amino groups of lysines. In view of their high reactivity
with proteins, it is likely that the core aldehydes de-
tected in lipid extracts of human atheroma represent
only a fraction of the total core aldehydes present in
atherosclerotic lesions. In addition, unsaturated and o-
hydroxy-core aldehydes can be formed by the decom-
position of linoleic acid via dioxygenated fatty acids
(47), which, in turn, appear to be more robust in their
interaction with protein side-chains than carbonyl
groups alone. In a recent study, we also found that ox-
LDL can irreversibly bind other proteins, but only when
exposed to acidic pH (48).

The precise mechanism of the interaction of oxLLDL
with other biological molecules is still not resolved.
However, it is clear that the possibility of interactions
occurring between products of lipid peroxidation in
oxLLDL and cellular proteins opens up a variety of po-
tential biological implications. For instance, some prop-
erties of oxLDL, such as cytotoxicity attributed to 7-
hydroperoxycholesterol (49) or 25-hydroxycholesterol
(50), could also be caused by core aldehydes. Further-
more, it is conceivable that aldehydic products of
cholesteryl ester oxidation could be sequestered into
the hydrophobic core of oxLLDL (22), while hydrophilic
short-chain aldehydes, such as malondialdehyde (51),
could easily diffuse away from the LDL particle. OxLDL
might remain unreactive in the circulation, but become
highly reactive when core aldehydes in oxLDL. are ex-
posed. This could occur, for instance, in lysosomes as
a result of possible pH-dependent conformational
changes in the oxLLDL particle or partial proteolytic
cleavage of apoB. Such site-specific release of aldehydes
could lead to irreversible intra-lysosomal deposition ot
protein-lipid polymers and eventually to lysosomal dys-
function. Thus, the localization predominantly to lyso-
somes of epitopes specific for oxidized proteins (52,
53), as well as lysosomal accumulation of ceroid (11)
and partially degraded apoB from oxidized LDIL. (7).
could be explained by the liberation in lysosomes of
such hydrophobic reactive components as lipid core al-
dehydes. Further studies are in progress to test these
hypotheses.

In summary, we have shown that after extensive oxi-
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dation of cholesteryl linoleate, which is the principal
cholesteryl ester in LDL, the resulting shorter-chain es-
ters are poorly hydrolyzed in MPM. We have demon-
strated that: 1) oxLDL did not affect the activity of
ACEH towards intact CL, nor did the previously docu-
mented retarded proteolysis of apoB in oxLDL result
in poor lipolysis of native CL; 2) the ester bond of all
cholesterol-containing products of lipid peroxidation
of CL was preserved; 3) extensively oxidized forms of
CL were resistant to enzymatic hydrolysis, especially by
lysosomal ACEH; 4) some oxidized products of CL con-
tain carbonyl groups that can covalently interact with
proteins; and 5) cholesteryl ester core aldehydes exist
in human atherosclerotic lesions. Bl
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