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Abstract Oxidation of low density lipoproteins (LDL)
results in changes to the lipoprotein particle that are poten-
tially pro-atherogenic. To investigate mechanisms contribut-
ing to the formation of cholesteryl ester (CE)–core alde-
hydes (9-oxononanoyl- and 5-oxovaleroyl-cholesterol; 9-ONC
and 5-OVC, respectively) LDL was incubated in the pres-
ence of mouse macrophages ( J774 cells) under different
culture conditions. Here we demonstrate that the formation
of core aldehydes occurs only in transition metal-containing
HAM’s F10 medium but not in Dulbecco’s modified Eagle’s
medium (DMEM), independent of supplementation with
iron and copper at concentrations up to ten times higher
than present in HAM’s F10. The antioxidative properties of
DMEM could be ascribed to the higher amino acid and vita-
min content as compared to HAM’s F10 medium. Supple-
mentation with these components efficiently inhibited LDL
oxidation in HAM’s F10. Stimulation of J774 cells with
phorbol ester (PMA) resulted in significantly enhanced
9-ONC and 5-OVC formation rates that were accompanied
by increased consumption of LDL cholesteryl linoleate
(Ch18:2) and cholesteryl arachidonate (Ch20:4) in the cel-
lular supernatant. In PMA (10 ng/ml) activated cells, ap-
proximately 5% of Ch18:2 contained in LDL was converted
to 9-ONC and 4% of Ch20:4 was converted to 5-OVC. With
respect to core aldehyde formation, lipopolysaccharide
(LPS, 10 

 

m

 

g/ml) was a less effective stimulant as compared
to PMA. Part of the core aldehydes accumulated within the
cells.  Our study demonstrates that 

 

i

 

) J774 macrophages
are able to promote/accelerate core aldehyde formation in
HAM’s F10 medium, and 

 

ii

 

) that core aldehyde formation
rates can be increased by stimulation of the cells with PMA,
and, although to a lesser extent, with LPS. Finally we could
show that 

 

iii

 

) a small amount of the core aldehydes is inter-
nalized by J774 macrophages.

 

—Karten, B., H. Boechzelt,
P. M. Abuja, M. Mittelbach, and W. Sattler.
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Oxidative modification of low density lipoproteins (LDL)
results in numerous changes to the lipoprotein particle that
are potentially pro-atherogenic (1). Depending on the na-
ture of the oxidant, LDL oxidation might be a sequential
process, with oxidation of the lipid moiety preceding the ox-
idation/modification of the apoprotein domain (2), an ef-
fect which can ultimately result in uncontrolled uptake of
these lipoproteins by different cells (3). Most of the cell
types present in the intima can promote the oxidation of
LDL in vitro, however, the presence of transition-metals in
the culture medium appears to be an absolute requirement
for cell-mediated oxidation of lipoproteins (4). The mecha-
nisms by which cells oxidize LDL in the presence of transi-
tion metals are not entirely clear. It appears, however, that
the cells can accelerate ongoing metal-catalyzed LDL oxida-
tion. This ability is (at least in part) due to redox cycling of
transition metals by the action of trans plasma membrane
electron transport (TPMET)-system(s) (5). Recently Garner
and colleagues (6) provided evidence that macrophages of
human and mouse origin are able to promote direct copper
reduction by the action of a TPMET-system, thus accelerat-
ing metal-dependent LDL oxidation in vitro.

 

Abbreviations: AA, amino acids; BCS, bathocuproine disulfonic
acid; BHT, butylated hydroxy toluene; CE, cholesteryl ester; Ch18:2,
cholesteryl linoleate; Ch20:4, cholesteryl arachidonate; Ch(O)OH,
cholesteryl ester hydro(pero)xide; CHD, 1,3-cyclohexanedione; cyt C, cy-
tochrome C; DNPH, dinitrophenyl hydrazine; DTNB, 5,5

 

9

 

-dithiobis(ni-
trobenzoic acid); EDTA, ethylene diamino tetraacetic acid; FCS, fetal
calf serum; GC-FID, gas chromatography–flame ionization detection;
HBSS, Hank’s balanced salt solution; HDL, high density lipoprotein;
HPLC, high performance liquid chromatography; LDL, low density
lipoprotein; LPDS, lipoprotein-deficient serum; LPO, lipid peroxida-
tion; LPS, lipopolysaccharide; 9-ONC, 9-oxononanoyl cholesterol; 5-
OVC, 5-oxovaleroyl cholesterol; PBS, phosphate-buffered saline; PMA,
phorbol-12-myristate-13-acetate; PL, phospholipid; PUFA, polyunsatu-
rated fatty acid; REM, relative electrophoretic mobility; SOD, superoxide
dismutase; SPE, solid-phase extraction; TBARS, thiobarbituric acid-reac-
tive substances; TCA, trichloroacetic acid; TEP, tetraethoxy propane;
TPMET, trans plasma membrane electron transport; Vit, vitamins.
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Lipid peroxidation (LPO) leads to the formation of a
broad array of different products with diverse and power-
ful biological activities, among them are a variety of differ-
ent aldehydes (7). The primary products of LPO, lipid
hydroperoxides (8), can undergo carbon–carbon bond
cleavage via alkoxyl radicals in the presence of transition
metals giving rise to the formation of short-chain, unester-
ified aldehydes (8, 9), or a second class of aldehydes still
esterified to the parent lipid. These esterified aldehydes
are commonly termed core aldehydes (10). Although these
compounds have received less attention, the formation of
phospholipid (PL)– and cholesteryl ester (CE)–core alde-
hydes during oxidation of LDL has been demonstrated
(11, 12). Due to their structural similarity to platelet acti-
vating factor (PAF) and their rather hydrophilic nature,
PL–core aldehydes display a number of PAF-related bio-
logical activities. The properties of oxidized phospholip-
ids in relation to atherosclerosis have been reviewed re-
cently (10).

In contrast to PL–core aldehydes, much less is known
about the formation, metabolism, and biological proper-
ties of CE–core aldehydes. Kamido and colleagues (12)
have isolated and identified C5 (5-oxovaleroyl cholesterol,
5-OVC) and C9 (9-oxononanoyl cholesterol, 9-ONC) CE–
core aldehydes from copper-oxidized LDL. 9-ONC was
shown to be derived from oxidation of cholesteryl linoleate
while cholesteryl arachidonate was the 5-OVC precursor
(13). Oxidation of HDL resulted in the formation of prima-
rily 5-OVC and 9-ONC and, although to a lesser extent, the
corresponding 7-ketocholesterol derivatives (14). In line
with a potential pathophysiological role of these com-
pounds, CE- and 7-ketoCE–core aldehydes of varying chain
length were identified in human atheromas (15, 16).

Due to this finding and the fact that almost all cell types
present in plaques are able to promote LDL oxidation in
vitro, we have investigated whether the major CE–core al-
dehydes (i.e., 9-ONC and 5-OVC) could be generated dur-
ing cell-mediated oxidation of LDL and serve as a sensi-
tive marker for cell-mediated oxidation. In the present
study we have used mouse macrophages ( J774 cells) cul-
tured in transition metal-containing (HAM’s F10) and
transition metal-free (DMEM) medium. Another inten-
tion of our study was to clarify whether activation of J774
cells by phorbol ester (PMA) or lipopolysaccharide (LPS)
affects their ability for core aldehyde formation.

MATERIALS AND METHODS

 

Chemicals

 

Chemicals were obtained from Sigma (Vienna, Austria) or
Merck (Vienna, Austria) unless indicated otherwise. LPS from 

 

Es-
cherichia coli

 

, cytochrome C from horse heart, Cu/Zn-superoxide
dismutase (SOD), phorbol-13-myristate-12-acetate (PMA), amino
acids, and vitamins (cell culture tested) were obtained from
Sigma. Solid-phase extraction cartridges were obtained from Iso-
lute (ICT, Vienna, Austria). 1,3-Cyclohexanedione (CHD; stabi-
lized with 3% w/w NaCl) was purchased from Sigma and used
without further purification. EconoPac size exclusion columns
were obtained from BioRad (Vienna, Austria). Cell culture mate-

rial was obtained from Costar (Acton, MA); media were from
Boehringer Ingelheim (Vienna, Austria), and phenol red-free
DMEM was obtained from Sigma.

 

Synthesis of cholesteryl ester–core aldehydes

 

9-Oxononanoyl cholesterol (9-ONC) was prepared by ozonoly-
sis of oleic acid and subsequent condensation of the resulting
9,9-dimethoxy nonanoic acid with cholesterol in the presence of
N,N

 

9

 

-dicyclohexyl-carbodiimide (DCC) as described (17). 5-
Oxovaleroyl cholesterol (5-OVC) was produced by ozonolysis of
cyclopenten, alkaline cleavage of the resulting ozonide and DCC-
catalyzed esterification with cholesterol (H. Boechzelt and M.
Mittelbach, manuscript in preparation).

 

LDL isolation

 

Plasma from overnight fasted normolipemic donors was ob-
tained by venipuncture with EDTA as anticoagulant (1 mg/ml).
LDL was prepared using discontinuous gradient ultracentrifuga-
tion in a Beckman SW41 rotor (40,000 rpm, 22 h, 10

 

8

 

C) as de-
scribed (18). LDL was recovered by direct syringe aspiration, fil-
tered through a 0.2 m sterile filter (Corning Glass Works,
Corning, NY), transferred to evacuated glass vials (Techne Vial,
Mallinckrodt-Diagnostica, Vienna, Austria), and stored under
argon at 4

 

8

 

C in the dark. Prior to oxidation experiments, excess
KBr and EDTA were removed from LDL by size exclusion chro-
matography on EconoPac columns. Aliquots of LDL tested were
negative for endotoxin in 

 

Limulus

 

 amebocyte lysate assay (Bio-
Whittaker, sensitivity 0.06 EU/ml).

 

Cell culture

 

J774 macrophages were grown to confluency in 6-well (oxida-
tion experiments) or 12-well (copper reduction, superoxide pro-
duction and thiol release) cell culture dishes in RPMI 1640 me-
dium supplemented with fetal calf serum (FCS; 10%, v/v). Prior
to the experiment, cells were incubated in RPMI 1640 medium
containing lipoprotein-deficient serum (LPDS; 10%, v/v; 15 h),
then washed twice with PBS before adding HAM’s F10 or Hanks
balanced salt solution (HBSS). Prior to some oxidation experi-
ments, cells were preincubated in FCS-containing RPMI 1640
medium (10%, v/v; 15 h). Where indicated, cells were activated
with PMA (10 ng/ml) or LPS (10 

 

m

 

g/ml). Control incubations
without added stimulant as well as cell-free controls were carried
out in parallel. All incubations were performed in triplicate.

 

Cell-mediated oxidation of LDL

 

J774 cells were grown to confluency as described above. Con-
fluent cells were then incubated in HAM’s F10 or DMEM (1
ml/well) in the presence or absence of PMA (20 ng/ml me-
dium) or LPS (20 

 

m

 

g/ml medium). After 4 h, oxidation experi-
ments were initiated by the addition of LDL in HAM’s F10 or
phenol red-free DMEM (1 ml; 0.5 mg LDL total mass). At the
time points indicated, plates were put on ice and the medium
was removed and centrifuged (2 min at 13,000 rpm). The su-
pernatant was mixed with EDTA (20 

 

m

 

l, 100 mg/ml) and buty-
lated hydroxy toluene (BHT; 20 

 

m

 

l, 2 mg/ml in ethanol) and
kept under nitrogen at 

 

2

 

80

 

8

 

C until analysis. The cellular lipids
were extracted with 2 ml hexane–2-propanol 3:2 (v/v) (19) con-
taining BHT (20 

 

m

 

g/ml) on an orbital shaker (25 min at room
temperature). Lipid extracts were kept under nitrogen at

 

2

 

80

 

8

 

C until further analysis. After evaporation of the solvent,
the dry residue was redissolved in toluene (750 

 

m

 

l) containing
heptadecanoic acid (25 

 

m

 

g as internal standard for fatty acid
analysis); 250 

 

m

 

l of this solution was used for 9-ONC analysis
and 500 

 

m

 

l was used for fatty acid analysis. The cellular protein
content was determined according to Lowry et al. (20) in the
NaOH lysate (0.3 N, 2 ml) of the adherent cellular residue re-
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maining after hexane–2-propanol extraction. The average pro-
tein content on 6-well trays was 0.85 mg/well.

 

Nutrient supplementation of HAM’s F10

 

In comparison to DMEM, HAM’s F10 has a lower content of
certain amino acids and water-soluble vitamins. To evaluate the
effects of these compounds with regard to cell-mediated oxida-
tion of LDL, HAM’s F10 was supplemented to reach equal or
higher (5- or 10-fold) concentrations of amino acids and vitamins
as present in DMEM. Subsequently, oxidation experiments were
performed in these supplemented media.

HAM’s F10 medium was supplemented as follows: 

 

a

 

) amino
acids: 438 mg glutamine, 22.49 mg glycine, 21 mg histidine, 102.4
mg isoleucine, 91.7 mg leucine, 116.7 mg lysine, 25.52 mg me-
thionine, 61.52 mg phenylalanine, 31.5 mg serine, 91.43 mg threo-
nine, 15.4 mg tryptophane, 101.18 mg tyrosine, and 90.5 mg
valine were dissolved in 200 ml HAM’s F10 to constitute a me-
dium 5-fold concentrated as compared to DMEM; 

 

b

 

) vitamins:
33.02 mg choline chloride, 26.8 mg folic acid, 66.59 mg myo-
inositol, 33.58 mg niacinamide, 32.85 mg calcium pantothenate,
37.94 mg pyridoxal hydrochloride, 2.4 mg riboflavin, and 30 mg
thiamine hydrochloride were dissolved in 100 ml of HAM’s F10
medium to constitute a medium 100-fold concentrated as com-
pared to DMEM. These stock solutions were diluted with HAM’s
F10 to reach an equal, 5- or 10-fold higher amino acid and vita-
min content as DMEM.

 

Cell-mediated oxidation in HAM’s F10 supplemented
with amino acids and/or vitamins

 

J774 cells were grown to confluency as described above, incu-
bated in LPDS-containing RPMI 1640 (10%, v/v; 15 h) and
washed with PBS prior to the addition of LDL (0.25 mg/ml) in
HAM’s F10 (2 ml) supplemented with the indicated concentra-
tions of amino acids and/or vitamins. J774-mediated LDL oxida-
tion was also performed in DMEM containing CuSO

 

4

 

 (10 or 100
n

 

m

 

) and FeSO

 

4

 

 (3 or 30 

 

m

 

m

 

). To investigate possible effects of
preconditioning in LPDS-containing medium, J774 macrophages
were cultivated in either LPDS- or FCS-containing RPMI 1640
(15 h) prior to the oxidation experiments. LDL was then coincu-
bated with J774 cells in HAM’s F10 as described above. All incu-
bations were carried out at 37

 

8

 

C for 10 h, then plates were put on
ice and samples were prepared as described above.

 

Analytical procedures

 

Fatty acid analysis of the cellular supernatant.

 

Medium samples
(1 ml, spiked with 20 

 

m

 

g heptadecanoic acid as internal stan-
dard) were lyophilized and transmethylated with 1 ml MeOH
containing BF

 

3

 

 (20%, v/v; BF

 

3

 

/MeOH) in toluene (500 

 

m

 

l) at
110

 

8

 

C for 60 min. For transmethylation of cellular lipids, 500 

 

m

 

l
of cellular lipids in toluene (containing 25 

 

m

 

g heptadecanoic
acid as internal standard) was mixed with 1 ml BF

 

3

 

/MeOH and
transmethylated as described above. Separation of fatty acid
methyl esters (2 

 

m

 

l samples) was performed as described (21).
Briefly, methyl esters were analyzed on a WCOT fused silica 25
m FFAP-CB column (0.32 mm I.D.; Chrompack, Austria) using
an HP 5890 gas chromatograph equipped with a flame ioniza-
tion detector and a split/splitless injector (Hewlett-Packard
Co., Austria). Helium was used as carrier gas; the split ratio was
about 10:1. The temperature was programmed from 150

 

8

 

C to
215

 

8

 

C at 2.5

 

8

 

/min with a hold for 10 min then to 250

 

8

 

C at 10

 

8

 

/
min and a hold for 12.5 min. Concentrations of the individual
fatty acids were calculated by peak area comparison with the in-
ternal standard.

 

Core aldehyde analysis.

 

CE–core aldehyde analysis was per-
formed as described (16). Eight hundred 

 

m

 

l of medium was ex-
tracted twice with 1.75 ml of hexane–2-propanol 3:2 (v/v). The

organic phase was dried under vacuum and redissolved in 800 

 

m

 

l
CH

 

3

 

Cl–MeOH 2:1 (v/v). Three hundred 

 

m

 

l was dried and mixed
with 40 

 

m

 

l CH

 

3

 

Cl–MeOH 2:1 (v/v) and 20 

 

m

 

l CHD reagent (100
mg/ml 1,3-CHD in 20% acetic acid–ethanol 1:1 (v/v)). After in-
cubation for 70 min at 70

 

8

 

C, the derivatization mixture was
diluted with 1 ml acetonitrile and applied onto a solid-phase
extraction cartridge (Isolute MF C18) equilibrated with acetoni-
trile. The cartridge was washed with 2 ml of acetonitrile and 125

 

m

 

l 2-propanol and eluted with 3 ml chloroform. The eluate was
dried under vacuum and redissolved in 30 

 

m

 

l CH

 

3

 

Cl–MeOH 2:1
(v/v) and 120 

 

m

 

l CH

 

3

 

CN–MeOH–2-propanol 68:17:15 (v/v/v).
Five 

 

m

 

l was injected and analyzed on a SupelcoSil LC18 column
(250 

 

3

 

 2.1 mm) with a solvent system of CH

 

3

 

CN–MeOH–2-
propanol 68:17:15 (v/v/v) at a flow rate of 0.3 ml/min and fluo-
rescence detection (366 nm excitation, 455 nm emission). Quan-
titation was performed by peak area comparison with external
standards. 9-ONC and 5-OVC in cellular lipid extracts were deter-
mined by drying 250 

 

m

 

l cellular lipid extract under vacuum, de-
rivatization with 20 

 

m

 

l CHD reagent in 40 

 

m

 

l CH

 

3

 

Cl–MeOH 2:1
(v/v) and subsequent HPLC analysis as described above. The
limit of quantitation of the method described is 50 fmol; the ab-
solute limit of detection (signal: noise 

 

5

 

 6) is about 15 fmol for
both 9-ONC and 5-OVC (16).

 

Cholesteryl ester analysis.

 

CE analysis was performed as de-
scribed (22). Five hundred 

 

m

 

l of the medium lipid extracts was
dried under vacuum and redissolved in 100 

 

m

 

l MeOH–2-pro-
panol 1:1 (v/v). Fifteen 

 

m

 

l of this solution was analyzed on a
SupelcoSil LC18 column (250 

 

3

 

 2.1 mm) in a solvent system of
MeOH–2-propanol 1:1 (v/v) at a flow rate of 0.2 ml/min and UV-
detection (210 nm). Quantitation was performed by peak area
comparison with external standards.

 

Relative electrophoretic mobility (REM).

 

The relative electrophoretic
mobility of LDL in the medium was determined on precasted
agarose gels (LipoGel, Beckman, Austria) (21).

 

TBARS.

 

For determination of the thiobarbituric acid reactive
substances (TBARS; ref. 23), 300 

 

m

 

l of the medium was mixed
with 20% TCA (300 

 

m

 

l) and kept on ice for 5 min. After centrifu-
gation (5 min; 13,000 rpm; 4

 

8

 

C), 500 

 

m

 

l of the supernatant was
mixed with thiobarbituric acid (500 

 

m

 

l) and incubated for 15
min at 95

 

8

 

C. The absorption at 532 nm was measured within
15 min against water. TBARS concentration was calculated by
comparison with an external calibration curve obtained from tet-
raethoxy propane (TEP) solutions.

 

LDL oxidation in transition metal-supplemented
DMEM and PBS

 

LDL (0.25 mg/ml) was incubated on 6-well cell culture plates
in DMEM (phenol red-free) or PBS containing CuSO

 

4

 

 (10 n

 

m

 

)
and FeSO

 

4

 

 (3 

 

m

 

m

 

) or HAM’s F10. All solutions were adjusted to a
pH of 7.4. After 23 h, oxidation was stopped by the addition of 20

 

m

 

l EDTA (100 mg/ml) and 20 

 

m

 

l BHT (2 mg/ml in ethanol).
One ml of the oxidation mixture was mixed with heptadecanoic
acid (20 

 

m

 

g), lyophilized, and analyzed for its fatty acid content
by transmethylation and subsequent GC analysis of the respective
fatty acid methyl esters as described above. Eight hundred 

 

m

 

l of
the oxidation mixture was extracted twice with 1.75 ml of hexane–
2-propanol 3:2 (v/v) and analyzed for core aldehyde content.

 

Copper reduction, superoxide production,
and thiol release by J774 macrophages

 

Following a commonly used protocol for copper reduction
measurement (6), cells were incubated in 1 ml HBSS containing
CuSO

 

4

 

 (50 

 

m

 

m

 

), bathocuproine disulfonic acid (BCS, 125 

 

m

 

m

 

),
and PMA (10 ng/ml) or LPS (10 

 

m

 

g/ml). At the time points indi-
cated, 1 ml buffer was removed, centrifuged (2 min at 13,000
rpm, 4

 

8

 

C) and the absorbance was measured at 482 nm against a
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solution of BCS (250 

 

m

 

m

 

) in HBSS. Copper concentration was
calculated using an absorption coefficient of 

 

«

 

482 nm

 

 

 

5

 

 12.154
M

 

2

 

1

 

cm

 

2

 

1

 

 for the Cu(I)-BCS complex (6).
To evaluate the effect of BCS in the incubation mixture, cop-

per reduction was also determined in the absence of BCS. Cells
were incubated in 1 ml HBSS containing CuSO

 

4

 

 (50 

 

m

 

m

 

) and
PMA (10 ng/ml) or LPS (10 

 

mg/ml). At the time points indi-
cated, 1 ml buffer was removed, mixed with 25 ml BCS (5 mm)
and centrifuged for 2 min at 13,000 rpm at 48C. The absorption
at 482 nm was measured and copper concentrations were calcu-
lated as described above.

For superoxide determination, cells were incubated in 1 ml
HBSS containing cytochrome C (80 mm) and PMA (10 ng/ml) or
LPS (10 mg/ml) as described (24). Parallel incubations were car-
ried out in the presence of horse heart Cu/Zn–superoxide dis-
mutase (SOD; 20 mg/ml). At the time points indicated, 1 ml
buffer was removed and centrifuged (2 min at 13,000 rpm). Cyto-
chrome C reduction was measured at 550 nm and corrected for
SOD-inhibitable cytochrome C reduction, using an absorption
coefficient of «550 nm 5 50,000 M21cm21 for cytc31.

For thiol release measurement, cells were incubated up to 8 h
in 1 ml HBSS containing PMA (10 ng/ml) or LPS (10 mg/ml) es-
sentially as described (6). At the time points indicated, 1 ml
buffer was removed, centrifuged (2 min at 13,000 rpm) and as-
sessed for thiol content by the DTNB method. Two hundred ml
of the supernatant was mixed with 750 ml reaction solution (200
mm Na2HPO4, 20 mm EDTA, pH 8) and 50 ml DTNB solution (4
mm DTNB, in 50 mm Na2HPO4/NaH2PO4 buffer, pH 7) and in-
cubated for 30 min at 378C. Absorption was measured at 412 nm
against HBSS. Calibration was carried out with cysteine solutions
in a concentration range of 2–32 mm.

The cellular protein content on 12-well plates was 0.33 6 0.06
mg/well (mean 6 SD) of all experiments.

Miscellaneous
All oxidation experiments were carried out at a final LDL con-

centration of 0.25 mg/ml LDL total mass, corresponding to a
molar concentration of approx. 0.1 mm. Rates are expressed as
the difference of concentrations at two time points (Dc/Dt). Sta-
tistical significance was calculated by the Student’s t-test of inde-
pendent samples. Significance was denoted as P , 0.05.

RESULTS

Formation of 9-ONC and 5-OVC by unactivated
J774 macrophages

To assess whether and under which conditions J774
macrophages are able to promote formation of CE–core
aldehydes during ‘cell-mediated oxidation’ of LDL, we ini-
tially examined the formation of 5-OVC and 9-ONC in
HAM’s F10 (a transition metal-containing and thus ‘oxida-
tion permissive’ medium) and in DMEM (a copper-free
medium). The time-dependent formation of 5-OVC and
9-ONC along with the concentrations of linoleic acid (9-
ONC being primarily formed from Ch18:2) and arachi-
donic acid (5-OVC being primarily formed from Ch20:4)
in LDL incubated in HAM’s F10 medium in the presence
(closed symbols) and absence (open symbols) of J774
macrophages is displayed in Fig. 1A–D. In addition, two
parameters commonly used to assess LDL oxidation, i. e.,
TBARS and the increase in LDL’s relative electrophoretic
mobility (REM, an index of the surface charge of the LDL

particle) are shown in Figs. 1E and F. Incubation of LDL in
HAM’s F10 medium for 48 h in the absence of cells re-
sulted in oxidation of the lipoprotein, as indicated by al-
terations of all oxidation parameters. However, incuba-
tion of LDL in the presence of cells markedly accelerated
lipoprotein oxidation during the early stages of LDL oxi-
dation (up to 24 h). After 24 h the LDL oxidation param-
eters of the cell-free control approached those of LDL in-
cubated in the presence of cells.

Incubation of LDL in the presence of J774 macrophages
led to the formation of 5-OVC immediately after initiation
of the oxidation experiment and proceeded at a maximal
rate of 34 nmol/L per h in the presence of cells (Fig. 1A). 5-
OVC was also detected in the cell-free controls; however, the
onset was delayed by about 4 h and the maximum rate of
formation was lower (25 nmol/L per h). The decrease in
arachidonic acid concentrations (Fig. 1B) closely reflected
the formation of 5-OVC. In contrast to 5-OVC concentra-
tions, reaching a plateau after 10 h of oxidation, 9-ONC
concentrations increased continuously throughout the
whole incubation period (Fig. 1C; up to 4.4 mm, correspond-
ing to 44 mol 9-ONC per mol LDL). In the presence of cells,
maximum 9-ONC formation was observed between 8 and 12
h; in that time interval formation rates were <4 times
higher than in the cell-free control (240.8 vs. 61.7 nmol/L
per h, J774 vs. cell-free control). In the cell-free controls,
maximum formation rates were reached after 23 h.

The higher oxidation rates of LDL-lipids in the pres-
ence of J774 macrophages are reflected by the difference
in the maximum disappearance rates of linoleic acid (Fig.
1D; 3.4 mmol/L per h vs. 2 mmol/L per h in the cell-free
controls). During the experiments described in Figs. 1B
and D, arachidonic and linoleic acid were determined
after transmethylation of total LDL lipids (i.e., without
separation of lipid subclasses), and therefore no direct
precursor–product relationship for 9-ONC and 5-OVC
formation can be established. However, <46% of arachi-
donic acid and <75% of linoleic acid in LDL are confined
to the cholesteryl ester fraction (25), and cholesteryl ester
oxidation rates are comparable to phospholipid oxidation
rates (25), so that the consumption of total PUFAs closely
reflects cholesteryl ester oxidation. In support of the find-
ings described above, enhanced LDL oxidation in the
presence of J774 cells was also indicated by increased
TBARS (Fig. 1E) and increased REM (Fig. 1F).

At the 48 h time point, the cellular lipids were extracted
and analyzed for their 5-OVC, 9-ONC, and fatty acid con-
tent. While 5-OVC and 9-ONC were undetectable in J774
cells prior to the oxidation experiments, the cells had ac-
cumulated 21 and 173 pmol/mg cell protein of 5-OVC
and 9-ONC, respectively. These findings indicate that the
formation of core aldehydes occurs in the cellular super-
natant and that part of the core aldehydes could be inter-
nalized by the macrophages. This is further supported by
the intracellular accumulation of fatty acids (255 vs. 408
nmol total fatty acids/mg cell protein, cells incubated in
the absence or presence of LDL). No CE–core aldehydes
were detected in lipid extracts of J774 macrophages incu-
bated in the absence of LDL.
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In contrast, when the oxidation experiments were per-
formed in DMEM, TBARS and REM remained unchanged
(not shown). In the cell-free control, low concentrations of 9-
ONC and 5-OVC (approximately 200 nm at 24 h) were de-
tected (Fig. 2A). Whether the decrease of 9-ONC and 5-OVC
concentrations after 24 h is due to further oxidation or bind-
ing to apoB-100 is presently not clear. However, the amounts
formed were too small to be reflected in decreased linoleic
and arachidonic acid concentrations in the LDL-containing
cellular supernatant (Fig. 2B). In the presence of J774 cells,
the content of 9-ONC in the medium was near or below the
absolute limit of detection (>15 fmol) for 9-ONC (Fig. 2B).
Whether this was a result of antioxidant properties of J774
macrophages under these conditions or due to cellular up-
take of 9-ONC was not further investigated.

Comparison of core aldehyde formation in transition 
metal-supplemented DMEM and PBS
and HAM’s F10 medium

To test whether the difference in core aldehyde forma-
tion between HAM’s F10 and DMEM medium was solely
due to the lack of transition metal ions, LDL was incu-
bated in Fe21/Cu21 supplemented DMEM. The forma-
tion of 9-ONC and 5-OVC was compared to incubations in
HAM’s F10 or transition metal-supplemented PBS. As can
be seen from Table 1, the supplementation of DMEM with
Cu/Fe was almost without effect on the formation of 9-
ONC and 5-OVC. On average, the formation of 9-ONC in
DMEM or metal-supplemented DMEM was 44- and 16-
fold lower as compared to HAM’s F10 and metal-supple-
mented PBS. This effect was even more pronounced for 5-

Fig. 1. Cell-mediated oxidation of LDL by J774 macrophages in HAM’s F10 medium. Oxidation of LDL
(0.25 mg/ml) in HAM’s F10 medium was performed in the presence (filled symbols) or absence (open sym-
bols) of J774 macrophages. 5-OVC (A) and 9-ONC (C) concentrations in the medium were determined after
extraction with hexane–2-propanol 3:2 (v/v), derivatization with 1,3-cyclohexanedione, and RP-HPLC analy-
sis as described in Materials and Methods. Fatty acids were analyzed by GC-FID after transmethylation of total
LDL lipids present in the medium. Only arachidonic- (B) and linoleic acid (D) concentrations are shown.
TBARS (E) in the medium were determined photometrically as described; the REM (F) of LDL present in
the cellular supernatant was determined on agarose gels. Data represent mean values 6 SD from one repre-
sentative experiment (out of three) performed in triplicate; REM values represent one experiment represen-
tative of three. * P , 0.05; ** P , 0.005; calculated by the Student’s t-test of independent samples; J774 cells
vs. cell-free control.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Karten et al. CE–core aldehyde formation during cell-mediated LDL oxidation 1245

OVC production (60- and 37-fold lower, HAM’s F10 and
PBS, respectively). The reason for the higher 9-ONC for-
mation during LDL oxidation in cell-free DMEM shown in
Fig. 2A as compared to this experiment is not fully clear. We
have noticed, however, that the extent of LDL oxidation
was dependent on the storage time of the cell culture media
used and varied between different LDL preparations.

LDL oxidation in amino acid- and 
vitamin-supplemented HAM’s F10

To investigate the nature of the antioxidative properties
of DMEM, oxidation experiments were performed in
HAM’s F10 medium which was supplemented with amino
acids and/or vitamins to reach equal or higher concentra-
tions as in DMEM (see Materials and Methods for details).
In parallel, oxidation experiments were performed in
transition metal-supplemented DMEM. Results of these
experiments are shown in Table 2 (fatty acids) and Table
3 (CE, Ch(O)OH, and CE–core aldehydes). Amino acid
or vitamin supplementation of HAM’s F10 strikingly af-
fected the degree of J774-mediated LDL oxidation. After a
10 h incubation in unsupplemented HAM’s F10, the 9-

ONC and 5-OVC concentrations were 4.8 and 0.7 mm, re-
spectively. Amino acid or vitamin supplementation of
HAM’s F10 significantly reduced the amounts of 9-ONC
(2.36 mm) and 5-OVC (0.5 mm) (Table 3). This protective
effect was also reflected by reduced consumption of LDL-
PUFAs (2- to 3-fold lower in the supplemented media;
Table 2) and polyunsaturated LDL–CEs (Table 3). HAM’s
F10 supplementation with amino acids or vitamins ex-
ceeding DMEM concentrations 5- or 10-fold or with a
combination of amino acids and vitamins (equal concen-
trations as in DMEM) completely inhibited cell-mediated
LDL oxidation (Tables 2 and 3). In line with these find-
ings, no J774-mediated LDL oxidation was observed in
DMEM even when supplemented with 10-fold higher Cu/
Fe concentrations than present in HAM’s F10 (Tables 2
and 3).

The extent of cell-mediated LDL oxidation was also
clearly dependent on the composition of the medium
used during preincubation of J774 cells prior to the oxida-
tion experiment: When macrophages were preincubated
in FCS-containing RPMI 1640, the extent of LDL modifi-
cation was approximately 1.8-fold lower as compared to
similar experiments where cells were preconditioned in
LPDS-containing RPMI 1640. This is reflected by lower
CE–core aldehyde concentrations and reduced consump-
tion of PUFA and PUFA esters (Tables 2 and 3).

The results obtained during analysis of the cellular su-
pernatants were confirmed by analyzing 9-ONC and 5-
OVC in the corresponding cellular lipid extracts. The cel-
lular accumulation of 9-ONC and 5-OVC was also clearly
dependent on the amino acid or vitamin content of
HAM’s F10 used during the oxidation studies (Table 4).
LDL oxidation in supplemented HAM’s F10 resulted in 2-
fold reduced cellular 9-ONC and 5-OVC accumulation as
compared to oxidation in non-supplemented medium. A
further increase in amino acid or vitamin concentrations
(5- and 10-fold higher as compared to DMEM, respec-
tively) resulted in either undetectable (5-OVC) or signifi-
cantly reduced 9-ONC (10 vs. 290 mm, Table 4) concentra-
tions in the cellular lipid extracts. A reduction of the
cellular core aldehyde accumulation was also observed
when the cells were preconditioned in FCS- rather than in

Fig. 2. Cell-mediated oxidation of LDL by J774 macrophages in
DMEM. Oxidation of LDL (0.25 mg/ml) in DMEM medium was
performed in the presence (filled symbols) or absence (open sym-
bols) of J774 macrophages. A: 9-ONC (circles) and 5-OVC (tri-
angles) concentrations in the medium were determined after ex-
traction with hexane–2-propanol 3:2 (v/v), derivatization with
CHD, and RP-HPLC analysis. B: Linoleic acid (circles) and arachi-
donic acid (triangles) analysis was performed by GC/FID of the
corresponding methyl esters as described in Materials and Meth-
ods. Data represent mean values 6 SD from one representative ex-
periment (out of three) performed in triplicate.

TABLE 1. Comparison of LDL–core aldehyde formation 
in different media in the absence of cells

Core Aldehydes

DMEM DMEMa DMEMb PBSa HAM’s F10

nM

9–ONC 17 6 2.7 14 6 1.3 17 6 4.1 260 6 109.0 704 6 70.5
5–OVC 4 6 0.5 4 6 0.2 6 6 1.3 166 6 30.9 268 6 27.6

LDL (0.25 mg/ml) was incubated for 23 h in DMEM, DMEM sup-
plemented with CuSO4 and FeSO4 (10 nm and 3 mm or 100 nm and 30
mm, respectively), PBS (10 nm Cu and 3 mm Fe), and HAM’s F10 at 378C
in 6-well cell culture plates. 9-ONC and 5-OVC were determined by RP-
HPLC as described in Materials and Methods. Values represent mean 6
SD from one representative experiment (out of three) performed in
triplicate.

a 10 nm Cu21, 3 mm Fe21.
b 100 nm Cu21, 30 mm Fe21.
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LPDS-containing medium prior to the oxidation experi-
ment (143 vs. 290 mm 9-ONC; Table 4).

Formation of 9-ONC and 5-OVC by PMA- and
LPS-stimulated J774 macrophages

Previous studies have shown that the ability of human
monocytes to oxidize LDL is dependent on their state of
activation (26). To test whether activation of J774 mac-
rophages results in enhanced 5-OVC and 9-ONC produc-
tion, the cells were stimulated with PMA (10 ng/ml) or
LPS (10 mg/ml). In a first series of experiments, the effect
of these compounds known to stimulate the respiratory
burst response in macrophages was tested by incubation
of J774 cells in PMA- or LPS-containing HBSS and subse-
quent measurement of copper reduction, superoxide

(O2
.2) production and thiol release in the cellular super-

natant (Figs. 3A–D). All of these parameters have been
suggested to promote lipoprotein oxidation in the pres-
ence of cells. The experiments described below were car-
ried out in the absence of LDL to avoid copper reduction
by LDL-associated a-tocopherol (27, 28) or preformed
lipid hydroperoxides (29, 30).

Unstimulated J774 macrophages were able to reduce
Cu(II) added to the incubation buffer so that up to 76
nmol Cu(I) per mg cell protein accumulated in the cellu-
lar supernatant within 8 h in the presence of bathocu-
proine disulfonic acid (BCS), as shown by the formation
of the stable BCS-Cu(I) complex (BCS-Cu(I)) (Fig. 3A).
BCS-Cu(I) formation was already observed 1 h after ad-
dition of Cu(II). Stimulation of J774 macrophages with

TABLE 2. Fatty acid composition of LDL incubated in the presence of J774 macrophages in media
supplemented with amino acids, vitamins, or transition metals

Fatty Acids

14:0 16:0 16:1 18:0 18:1 18:2 18:3 18:3 20:4

mM

HAM’s 2.8 6 0.21 49.2 6 3.79 3.9 6 0.33 13.8 6 0.83 37.7 6 2.30 29.2 6 2.35 n.d. n.d. 2.1 6 0.10
HAM’s 1 AA 3.0 6 0.47 49.0 6 1.58 4.1 6 0.19 13.8 6 1.36 38.5 6 0.58 49.9 6 6.14 0.4 6 0.62 n.d. 5.9 6 1.35
HAM’s 1 Vit 3.3 6 0.35 49.6 6 0.96 4.1 6 0.14 13.7 6 0.44 38.1 6 0.50 47.3 6 2.82 0.7 6 0.60 n.d. 5.4 6 0.60
HAM’s 1 AA 1 Vit 3.0 6 0.78 50.1 6 2.29 4.4 6 0.18 14.2 6 0.86 41.1 6 2.20 83.0 6 2.55 1.7 6 0.16 1.2 6 0.27 15.9 6 0.85
HAM’s 1 5 3 AA 3.2 6 0.43 53.0 6 0.09 4.7 6 0.04 14.5 6 0.27 43.1 6 0.42 87.9 6 0.44 1.8 6 0.18 1.1 6 0.02 16.8 6 0.03
HAM’s 1 10 3 Vit 3.1 6 0.39 50.5 6 1.92 4.5 6 0.22 13.9 6 0.44 40.6 6 1.21 81.6 6 3.12 1.7 6 0.02 0.7 6 0.63 15.4 6 0.49

DMEM 1 1 3 Fe/Cu 3.1 6 0.50 49.7 6 0.58 4.3 6 0.09 14.2 6 0.20 39.9 6 0.60 80.4 6 0.74 1.7 6 0.02 n.d. 15.4 6 0.54
DMEM 1 10 3 Fe/Cu 2.9 6 0.94 48.6 6 1.91 4.0 6 0.49 13.6 6 0.49 38.9 6 1.52 78.5 6 2.11 1.7 6 0.18 0.3 6 0.57 15.0 6 0.54

HAM’s/FCS 3.0 6 0.76 50.3 6 2.32 4.2 6 0.25 14.2 6 0.49 40.3 6 1.98 51.0 6 1.75 0.7 6 0.63 n.d. 6.0 6 0.17

LDL (0.25 mg/ml) was coincubated with J774 macrophages as described in Materials and Methods. HAM’s F10 or DMEM was supplemented
with amino acids and/or vitamins or transition metals. Final concentrations in HAM’s F10 were equal to (HAM’s 1 AA, HAM’s 1 Vit, HAM’s 1 AA 1
Vit) or exceeded DMEM concentrations 5-fold (HAM’s 1 5 3 AA) or 10-fold (HAM’s 1 10 3 Vit). DMEM was supplemented with CuSO4 and
FeSO4 (10 nm and 3 mm (DMEM 1 1 3 Fe/Cu) or 100 nm and 30 mm (DMEM 1 10 3 Fe/Cu), respectively). LDL oxidation was also performed in
the presence of cells that were preincubated in FCS-containing RPMI 1640 prior to the oxidation experiments (HAM’s/FCS). Fatty acids were ana-
lyzed by GC-FID after transmethylation of total LDL-lipids present in the medium. Data represent mean values 6 SD from one representative exper-
iment (out of three) performed in triplicate; n.d., not detectable.

TABLE 3. Free cholesterol, cholesteryl ester, cholesteryl ester hydroperoxide, and CE–core aldehyde content of LDL incubated
in the presence of J774 macrophages in media supplemented with amino acids, vitamins, or transition metals

Analyte

FC Ch18:2 Ch20:4 Ch(O)OH 9-ONC 5-OVC

mM

HAM’s 49.4 6 2.46 19.6 6 4.26 0.8 6 0.07 8.3 6 1.69 4.8 6 0.47 0.7 6 0.11
HAM’s 1 AA 47.6 6 2.97 41.3 6 4.79 2.0 6 0.43 8.0 6 1.44 2.3 6 0.44 0.5 6 0.10
HAM’s 1 Vit 46.5 6 6.28 37.6 6 2.76 1.8 6 0.01 8.2 6 1.12 2.3 6 0.16 0.5 6 0.02
HAM’s 1 AA 1 Vit 45.9 6 2.12 72.9 6 3.56 5.5 6 0.09 n.d. n.d. n.d.
HAM’s 1 5 3 AA 38.4 6 4.23 56.8 6 2.14 4.4 6 0.17 n.d. 0.02 6 0.03 0.01 6 0.00
HAM’s 1 10 3 Vit 49.4 6 3.79 75.5 6 6.43 5.6 6 0.41 n.d. n.d. n.d.

DMEM 1 1 3 Fe/Cu 47.7 6 4.10 72.5 6 7.02 5.5 6 0.53 n.d. 0.05 6 0.08 n.d.
DMEM 1 10 3 Fe/Cu 46.7 6 4.70 73.5 6 6.64 5.5 6 0.43 n.d. n.d. n.d.

HAM’s/FCS 49.2 6 3.56 40.3 6 3.31 2.0 6 0.14 8.3 6 0.62 2.7 6 0.26 0.5 6 0.04

LDL (0.25 mg/ml) was coincubated with J774 macrophages as described in Materials and Methods. HAM’s F10 or DMEM was supplemented
with amino acids and/or vitamins or transition metals. Final concentrations in HAM’s F10 were equal to (HAM’s 1 AA, HAM’s 1 Vit, HAM’s 1 AA 1
Vit) or exceeded DMEM concentrations 5-fold (HAM’s 1 5 3 AA) or 10-fold (HAM’s 1 10 3 Vit). DMEM was supplemented with CuSO4 and
FeSO4 (10 nm and 3 mm (DMEM 1 1 3 Fe/Cu) or 100 nm and 30 mm (DMEM 1 10 3 Fe/Cu), respectively). LDL oxidation was also performed in
the presence of cells that were preincubated in FCS-containing RPMI 1640 prior to the oxidation experiments (HAM’s/FCS). Free cholesterol, choles-
teryl esters, and cholesteryl ester hydroperoxides were analyzed by RP-HPLC (detection at 210 nm) and quantitated by peak area comparison with ex-
ternal standards of known concentrations. 5-OVC and 9-ONC were analyzed as fluorescent CHD derivatives by RP-HPLC analysis as described in Mate-
rials and Methods. Data represent mean values 6 SD from one representative experiment (out of three) performed in triplicate; n.d., not detectable.
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PMA resulted in approximately 3-fold higher initial cop-
per reduction rates as compared to control and LPS-stim-
ulated cells (0.28, 0.29, and 0.69 nmol/min per mg cell
protein in control, LPS- and PMA- stimulated cells, respec-
tively). After 8 h, stimulatory effects were no longer appar-
ent. In contrast, the addition of LPS was without effect on
the ability for copper reduction. No formation of the BCS-
Cu(I) complex was observed in cell-free controls.

To circumvent removal of Cu(I) and a concomitant
shift in the Cu(I)/Cu(II) redox-equilibrium by formation
of the stable BCS-Cu(I) complex, experiments were per-
formed in a manner identical to that described above ex-
cept for the omission of BCS during the incubation. Cu(I)
concentrations were measured by addition of BCS to the
cellular supernatant at the time points indicated. After an
apparent lag phase of 15 min, Cu(I) concentrations in-
creased rapidly, reaching a plateau after approx. 2 h. Pro-
longed incubation did not lead to a further increase in
Cu(I) concentrations (Fig. 3B). The maximum Cu(I) con-
centration measured in these experiments was 15 nmol/
mg cell protein and thus clearly lower (<5-fold) than ob-
served with BCS present during the incubation. However,
in line with data shown in Fig. 3A, PMA stimulation led to
significantly accelerated Cu(II) reduction between 30 and
60 min (0.21 vs. 0.13 nmol/min; PMA stimulation vs. con-
trol) in the absence of BCS but was without effect on the
final Cu(I)/Cu(II) ratio. As before, LPS stimulation was
without effect on copper reduction. No Cu(I) formation
was detectable in the cell-free controls.

The NADPH-dependent respiratory burst oxidase of
macrophages is normally present as an inactive form
which can be activated by stimuli such as PMA or zymosan
to release superoxide radicals at the extracellular face of

the plasma membrane (31). The results for O2
.2 release

(measured as SOD-inhibitable reduction of ferricyto-
chrome C) in unstimulated and stimulated macrophages
are shown in Fig. 3C. Both PMA and LPS stimulated su-
peroxide release (13- and 5-fold 30 min after stimulation
relative to unstimulated cells, respectively).

It was reported recently that J774 macrophages can re-
lease low molecular weight thiols (6), compounds impli-
cated in the formation of O2

.2 and cell-mediated copper
reduction. Thiol release of control and stimulated J774
macrophages is displayed in Fig. 3D. The concentration of
free SH groups in the cellular supernatant increased con-
tinuously over the whole time period of 12 h in all incuba-
tions. Thiol release induced by LPS was, however, mark-
edly higher than that induced by PMA and in the
unstimulated control (58, 50, and 82 nmol SH/12 h per mg
cell protein for controls, PMA- and LPS-stimulated cells).

The time-dependent formation of 5-OVC, 9-ONC and
the concomitant consumption of 20:4, 18:2, Ch20:4,
and Ch18:2 in the supernatant of control and stimulated
J774 macrophages are shown in Figs. 4A–F. As oxidation
parameters in the absence of cells were not affected by the
presence of PMA or LPS, data shown for cell-free controls
represent average values of all incubation conditions. The
alterations in core aldehyde formation and PUFA con-
sumption in the absence of cells were similar to those
shown in Fig. 1.

From data shown in Figs. 4A and B it is evident that
PMA- and LPS-stimulated J774 cells produced higher con-
centrations of core aldehydes as compared to control
cells. The formation of 9-ONC in PMA-stimulated cells
was 3.6- (62 vs. 17 nm; 5 h) and 2.6-fold (564 vs. 220 nm; 12
h) higher than in unstimulated cells (Fig. 4A). PMA stim-
ulation resulted in comparable augmentation of 5-OVC
production: At the 5 and 12 h time points, the amount of
5-OVC produced in the presence of PMA-stimulated mac-
rophages was 4- (26.9 vs. 6.65 nm; 5 h) and 1.5-fold (173.6
vs. 116.8 nm; 12 h) higher as compared to unstimulated
macrophages (Fig. 4B). The effect of PMA stimulation on
LDL oxidation was even more pronounced for PUFA de-
composition (Fig. 4C and D), resulting in significantly en-
hanced consumption of 18:2 (3.2-fold) and 20:4 (2.5-fold)
at the 12 h time point compared to control and LPS-treated
cells. LPS treatment of cells was less effective than PMA; al-
though LDL oxidation appeared to be consistently higher
as compared to controls; this effect was, however, not sta-
tistically significant (except for the 5 h time point).

To be able to present an improved precursor–product
relationship for 9-ONC and 5-OVC formation, we have
also analyzed the Ch18:2 and Ch20:4 content in the cellu-
lar supernatant. A comparison of Figs. 4A and E shows
that the decrease in Ch18:2 is matched by 9-ONC forma-
tion. At the end of the incubation period, about 5% of
cholesteryl linoleate consumed during the oxidation ex-
periment had been converted to 9-ONC (calculated on a
molar basis). The decrease in Ch20:4 (Fig. 4F) is accom-
panied by the formation of 5-OVC (Fig. 4B; on a molar ba-
sis about 4% of Ch20:4 was converted to 5-OVC).

After 23 h the cellular lipids were extracted and ana-

TABLE 4. CE–core aldehydes in cellular lipid extracts of J774 
macrophages coincubated with 0.25 mg/ml LDL in HAM’s 

F10 supplemented with amino acids and/or vitamins

Core Aldehydes

9-ONC 5-OVC

pmol/mg cell protein

HAM’s 289.3 6 35.20 72.0 6 18.82
HAM’s 1 AA 148.4 6 13.80 48.1 6 9.62
HAM’s 1 Vit 155.9 6 51.72 46.7 6 21.20
HAM’s 1 AA 1 Vit 10.8 6 0.52 n.d.
HAM’s 1 5 3 AA 8.1 6 2.16 n.d.
HAM’s 1 10 3 Vit 10.4 6 1.9 n.d.

HAM’s/FCS 143.3 6 15.55 42.9 6 3.59

LDL (0.25 mg/ml) was coincubated with J774 macrophages as de-
scribed in Materials and Methods. HAM’s F10 was supplemented with
amino acids and/or vitamins or transition metals. Final concentrations
in HAM’s F10 were equal to (HAM’s 1 AA, HAM’s 1 Vit, HAM’s 1 AA
1 Vit) or exceeded DMEM concentrations 5-fold (HAM’s 1 5 3 AA)
or 10-fold (HAM’s 1 10 3 Vit). LDL oxidation was also performed in
the presence of cells that had been preincubated in FCS-containing
RPMI 1640 prior to the oxidation experiments (HAM’s/FCS). Cellular
lipids were extracted at 258C for 25 min with hexane–2-propanol 3:2
(v/v). 5-OVC and 9-ONC were determined as fluorescent CHD deriva-
tives by RP-HPLC analysis as described in Materials and Methods. The
protein content was determined in NaOH (0.3 N) lysates according to
the method of Lowry et al. (20). Data represent mean values 6 SD
from one representative experiment (out of three) performed in tripli-
cate; n.d., not detectable.
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lyzed for their core aldehyde and fatty acid content. As ob-
served in the experiments with unstimulated cells, coincu-
bation of LDL and J774 cells led to intracellular fatty acid,
9-ONC and 5-OVC accumulation. The detailed results of
these analyses are displayed in Table 5. Macrophages stim-
ulated with LPS contained about twice as much free 9-
ONC (62.4 pmol/mg cell protein) as cells treated with
PMA (34 pmol/mg cell protein) or unstimulated cells
(29 pmol/mg protein). 5-OVC concentrations in lipid
extracts obtained from LPS-stimulated cells were approxi-
mately 1.5-fold higher as compared to control and PMA-
stimulated cells. As can be seen from Table 5, the intracel-
lular fatty acid composition of J774 macrophages cultured
in the absence of LDL was considerably different from
cells cultured in the presence of LDL with or without
PMA or LPS. The most pronounced increase in cellular
fatty acid concentrations was observed for stearic (18:0),
oleic (18:1), and linoleic (18:2) acids (Table 5).

DISCUSSION

The formation of lipid-esters containing C5, C9, and
C13 fatty acid chains during lipid-peroxidation of PUFAs
was predicted by Esterbauer, Zollner, and Schaur (32). Al-
though these core aldehydes represent only a small per-
centage of lipid peroxidation products, the presence of
cholesteryl ester–core aldehydes of different chain length
was demonstrated in tert-butyl hydroperoxide/Fe21 oxi-
dized cholesteryl linoleate (13), copper-oxidized LDL and
HDL (14), and lipid extracts of atherosclerotic lesions
(15, 16). However, reports on the mechanism(s) responsi-
ble for the formation of these compounds are lacking.
During the present study we have shown that J774 mac-
rophages markedly accelerate the formation of choles-
teryl ester–core aldehydes (9-ONC and 5-OVC) and pro-
mote oxidation of Ch18:2 and Ch20:4 in LDL containing
HAM’s F10 medium. The presence of cells enhances LDL
oxidation particularly during the earlier stages of oxida-
tion, resulting in a shorter lag phase and increased oxidation
rates. At time points >24 h, LDL incubated in the absence
or presence of cells is modified to a similar extent. Cell-
mediated oxidation of LDL in the presence of transition
metals is probably a valid model for LDL oxidation in the
arterial wall as copper and iron ions were found in athero-
sclerotic lesions (33). Kritharides, Jessup, and Dean (34)
have shown that macrophages require a combination of
copper and iron ions to enhance LDL oxidation in vitro.
Caeruloplasmin-released copper ions are available to the ar-
terial wall under certain pathological conditions and transi-
tion metals contained in human atherosclerotic lesions can
catalyze the oxidation of LDL by macrophages (35).

Fig. 3. Copper reduction, O2
.2 production and thiol-release by

control and activated J774 macrophages. J774 macrophages (con-
fluent on 12-well trays) were incubated in HBSS buffer containing
no stimulant (circles), PMA (10 ng/ml; diamonds), or LPS (10 mg/
ml; triangles). Formation of Cu(I)-BCS (A), Cu(I) (B), superoxide
(C), and free thiol groups (D) in the cellular supernatant was deter-
mined as described in Materials and Methods. A: 50 mm CuSO4, 125
mm BCS in HBSS incubation buffer, B: 50 mm CuSO4, no BCS in
HBSS incubation buffer. Average cellular protein content was 0.33 6
0.06 mg/well as determined in NaOH (0.3 N) lysates according to

the method of Lowry et al. (20). Data represent mean values 6 SD
from one representative experiment (out of three) performed in
triplicate; values of the cell-free control incubations were sub-
tracted. * P , 0.05; ** P , 0.005; calculated by the Student’s t-test
of independent samples; stimulated vs. unstimulated cells.
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We have detected only marginal LDL oxidation (as indi-
cated by REM, TBARS, PUFA consumption, and for-
mation of 9-ONC and 5-OVC) in DMEM supplemented
with concentrations of Cu21/Fe21 10-fold higher than pres-
ent in HAM’s F10 medium. Compared to HAM’s F10
medium, DMEM contains about 2- to 4-fold higher con-
centrations of amino acids and water-soluble vitamins. To
further investigate the antioxidative properties of these
components, HAM’s F10 was supplemented with amino
acids and/or vitamins. Addition of either amino acids or
vitamins significantly reduced the extent of LDL modifica-
tion and intracellular accumulation of CE–core aldehydes.
When HAM’s F10 was supplemented with a combination of
both amino acids and vitamins, LDL oxidation was almost
completely inhibited. Antioxidative properties of amino
acids (e.g., histidine, cysteine, glutamic acid, and serine,

which are particularly effective in inhibiting Cu-mediated
oxidation of LDL) have been reported (36). Moreover, it
was shown that glutamate, a competitor for the cystine
transporter, effectively suppressed the oxidation of LDL
by endothelial cells in the presence of cystine (24). In the
present study we cannot ascribe the effects of vitamin sup-
plementation to single components. However, there are
several lines of evidence relating B vitamins and their de-
rivatives to lipid peroxidation and/or atherogenesis. Im-
paired LDL oxidation as observed during the present
study could, at least in part, be a result of iron complex-
ation as suggested for pyridoxal, pantothenate, and myo-
inositol (37). Other B vitamins might also be able to che-
late transition metal ions (38). Radical-scavenging abilities
were shown for nearly all vitamins with pyridoxal being
the most effective OH. and superoxide scavenger, fol-

Fig. 4. Effect of PMA and LPS stimulation on J774-mediated LDL oxidation. LDL (0.25 mg/ml) was incu-
bated in the presence of unstimulated (circles), PMA- (10 ng/ml; diamonds) or LPS-stimulated (10 mg/ml;
triangles) J774 cells in HAM’s F10 medium. 9-ONC (A) and 5-OVC (B) concentrations in the medium were
determined after extraction with hexane–2-propanol 3:2 (v/v), derivatization with 1,3-cyclohexanedione and
RP-HPLC analysis. Linoleic acid (C) and arachidonic acid (D) concentrations in the medium were deter-
mined after lyophilization of 1 ml medium, transmethylation of total LDL lipids with BF3/MeOH and GC/
FID analysis. Cholesteryl linoleate (E) and cholesteryl arachidonate (F) concentrations in the supernatant
were determined by RP-HPLC analysis with UV detection at 210 nm. Filled symbols represent averaged data
for all cell-free controls (the presence of PMA or LPS was without effect on analyte concentrations). Data
represent mean values 6 SD from one of two experiments performed in triplicate. * P , 0.05; ** P , 0.005;
calculated by the Student’s t-test of independent samples; stimulated vs. unstimulated cells.
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lowed by pantothenate (OH.) and thiamine (OH. and su-
peroxide) (37). The reaction constants of choline chlo-
ride, myo-inositol, and niacinamide for OH.-scavenging
were markedly lower (37). The same authors found a sig-
nificant inhibition of Fe/ascorbate-induced LPO in liver
microsomes in the presence of pyridoxal or pantothenate
(37). Riboflavin as a known photosensitizer also reacts
with free radicals; this might, however, mediate oxidative
damage rather than prevent it (39).

In addition, endotoxin-mediated activation of macro-
phages is counteracted by choline chloride (40) and nia-
cinamide in vivo and in vitro (41, 42). Niacinamide treat-
ment protected cardiac myoblasts against oxidant injury
(43). Epidemiological studies have shown a correlation
between low plasma folate concentrations and increased
plasma levels of homocysteine, a independent risk factor
for atherogenesis (44). Thiamine deficiency is implicated
in various neurodegenerative diseases (45), possibly in
conjunction with increased cerebral formation of reactive
oxygen species (46). Evidence presented above indicates
that vitamins present in cell culture media can act directly
as redox-active compounds or indirectly via modulation of
intracellular processes, thus affecting cell-mediated LDL
oxidation. Our findings demonstrate that in addition to the
transition metal content, the amino acid and vitamin con-
centrations are important factors determining whether a
given cell culture medium is ‘oxidation-permissive’ or not.

Although numerous studies have shown that cultured
macrophages can promote lipoprotein oxidation by a
transition metal-dependent process, the exact mecha-
nisms responsible for cell-mediated LDL oxidation are
not entirely clear and may vary considerably among differ-
ent cell types. During the present study the extent of LDL
modification by J774 macrophages was strongly dependent
on the preincubation conditions (LPDS- vs. FCS-containing
media, Tables 2, 3, and 4). Whether this is due to altered
receptor expression or due to stress-induced activation
was not further investigated. Activated phagocytes are able
to produce O2

.2, to release low molecular weight thiols,
and to reduce Cu(II) and Fe(III). All of these pathways
have been implicated to be involved in cell-mediated oxi-
dation of LDL. Accordingly it was demonstrated that the

rate of LDL oxidation is proportional to the production of
O2

.2 in arterial smooth muscle cells (47) and endothelial
cells (48). Moreover, overexpression of human Cu/Zn–
SOD in bovine arterial endothelial cells led to significantly
reduced LDL oxidation (49). On the other hand, the par-
ticipation of O2

.2 during macrophage-mediated LDL oxi-
dation has been questioned (24) and overexpression of
Cu/Zn–SOD in mice did not support an antiatherogenic
effect of Cu/Zn–SOD (50). The uptake of extracellular
cystine, intracellular reduction, and release of the re-
duced thiol was proposed as another factor accelerating
LDL oxidation in the medium (51–54) either by forma-
tion of oxygen-derived free radicals or by reduction of
transition metals in the medium, maintaining a high reac-
tivity towards lipid hydroperoxides (36). Finally, Garner
and colleagues (6) have demonstrated that macrophages
are able to promote direct copper reduction in the ab-
sence of thiols, a process mediated via TPMET systems (5,
55). Copper reduction by macrophages was assessed in
the absence of LDL (6) as a-tocopherol and/or pre-
formed lipid hydroperoxides can directly promote copper
reduction (27–30).

Our own experiments have shown that PMA activation
of J774 macrophages significantly stimulated O2

.2 release
and accelerated copper reduction. Although the final
Cu(I)/Cu(II) ratio was independent of the activation
state, the rate of copper reduction was significantly in-
creased by PMA. In line with other findings (56), LPS was
less effective in activating O2

.2 release when applied as
single stimulus. However, in contrast to PMA, LPS stimu-
lated the release of thiols in the cellular supernatant. A
similar effect was observed for mouse peritoneal mac-
rophages where the presence of LPS significantly en-
hanced thiol production (57). LDL oxidation was en-
hanced by PMA activation of J774 cells as indicated by
increased PUFA, Ch18:2 and Ch20:4 consumption, and
enhanced 5-OVC and 9-ONC production (Fig. 4). This in-
dicates that either increased O2

.2 production or acceler-
ated Cu(II) reduction is responsible for enhanced LDL
modification. Redox-cycling of copper is assumed to be
particularly important for LPO initiation and, in further
consequence, for core aldehyde formation. Although the

TABLE 5. Cellular lipid composition of unstimulated and stimulated J774 macrophages after a 23 h 
coincubation with LDL in HAM’s F10 medium

Core Aldehydes Fatty Acids

Addition to Cells 5-OVC 9-ONC 16:0 16:1 18:0 18:1 18:2 20:4

pmol/mg cell protein nmol/mg cell protein

No LDL n.d. 0.35 6 0.46 83.5 6 5.6 25.4 6 1.3 24.4 6 1.3 99.0 6 2.2 7.2 6 0.6 7.2 6 0.7
LDL 7.4 6 1.4 28.5 6 7.7 90.0 6 9.1 31.9 6 5.1 42.0 6 5.0 120.4 6 13.7 17.0 6 1.8 10.9 6 1.3
LDL, PMA (10 ng/ml) 6.4 6 1.8 33.8 6 11.3 86.5 6 4.4 28.1 6 1.7 41.9 6 3.3 115.9 6 5.6 14.0 6 0.5 10.5 6 0.6
LDL, LPS (10 mg/ml) 10.3 6 4.5 62.4 6 9.8 98.1 6 4.6 27.1 6 3.8 43.4 6 1.6 113.2 6 1.6 16.0 6 1.0 10.3 6 0.3

After a 23 h coincubation of J774 cells in the absence or presence of LDL (0.25 mg/ml) in HAM’s F10 or HAM’s F10 containing PMA (10 ng/
ml) or LPS (10 mg/ml), cells were washed and the cellular lipids were extracted with hexane–2-propanol (3:2, v/v; 25 min on an orbital shaker at
room temperature). The fatty acid and core aldehyde content was analyzed by GC-FID of the corresponding fatty acid methyl esters and RP-HPLC
of the fluorescent core aldehyde derivatives as described in Materials and Methods. The protein content was determined in NaOH (0.3 N) lysates
according to the method of Lowry et al. (20). Data shown represent mean values 6 SD from one of two experiments performed in triplicate; n.d.,
not detectable.
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mechanisms of core aldehyde formation are not yet eluci-
dated, cholesteryl ester hydroperoxides appear to be pre-
cursors of CE–core aldehydes (13, 15, 32). A Fenton-type
reaction, involving Cu(I) and/or Fe(II), and e.g., 9-hydro-
peroxy cholesteryl linoleate, would lead to the formation
of an alkoxy radical and, via subsequent b-scission, the for-
mation of 9-ONC and the corresponding alkyl radical.
This reaction would require Cu(I) which is formed at
higher rates in PMA-stimulated cells as compared to the
unstimulated controls. In line with enhanced redox-
cycling of Cu, we have observed markedly increased 9-
ONC and 5-OVC formation in PMA-stimulated cells as
compared to LPS-stimulated and unstimulated cells (Fig.
4). The finding that this effect was most pronounced at
the shorter incubation times is in line with the time
course of direct copper reduction in PMA-stimulated
cells. The observation that coincubation of LDL with iso-
lated J774 plasma membranes resulted in higher 9-ONC
formation, as compared to other cell organelles, further
substantiates Cu(I) generation via a TPMET system (B.
Karten and W. Sattler, unpublished results).

After a 23-h coincubation of J774 macrophages in the
presence of LDL, we could detect small amounts of 5-
OVC and 9-ONC in the cellular lipid extracts. This indi-
cates that part of the core aldehydes is internalized by
J774 cells. The concentration of CE–core aldehydes in the
cellular lipid extract is dependent on the degree of LDL
oxidation in the cellular supernatant, indicating that cel-
lular core aldehydes originate from LDL. This was, how-
ever, not experimentally verified, due to the lack of a
radioactively labeled core aldehyde standard. Intracellular
accumulation was more pronounced in the presence of
LPS as compared to PMA-stimulated and control cells;
these observations are in line with LPS-mediated CE accu-
mulation by RAW-macrophages cultured in the presence
of bVLDL or LDL (58). It is noteworthy that the amounts
of 5-OVC and 9-ONC detected in the cell lipid extracts
could be an underestimation due to the formation of
Schiffs-base adducts (15), as protein-bound core alde-
hydes would escape the analytical method used during the
present study (16). On the other hand, Hoppe et al. (15)
have provided evidence that core aldehydes produced
from oxidized [3H]Ch18:2 are hydrolyzed by an acidic
macrophage cholesteryl ester hydrolase less efficiently
than native [3H]Ch18:2. Moreover, these authors (15)
have suggested that the site-specific release of core alde-
hydes in lysosomes could lead to irreversible intralysoso-
mal deposition of lipid–protein complexes. This is com-
patible with lipid engorgement in lysosomes (59) and
partial lysosomal enzyme inactivation after uptake of ox-
LDL (60). Also, predominant lysosomal localization of
epitopes specific for oxidized proteins (61), lysosomal ac-
cumulation of ceroid (62) and partially degraded apoB
from oxidized LDL (63) indicate that the lysosome is the
site where potential pathophysiological consequences of
core aldehydes could be manifested. In line with the sug-
gestion of a relatively slow turnover, CE–core aldehydes of
different chain length were found in lipid extracts of ath-
erosclerotic plaques (15, 16). We have attempted to clarify

whether 9-ONC and 5-OVC were subjected to lysosomal or
extralysosomal hydrolysis by the addition of chloroquine
during the oxidation experiments. However, the presence
of chloroquine completely suppressed cell-mediated oxi-
dation (not shown).

Fatty acid analysis of cellular lipid extracts revealed that
individual fatty acids accumulated in a ratio incompatible
with the fatty acid composition of native or modified LDL
(25). Consequently, fatty acid accumulation could not be
attributed solely to LDL particle uptake. It most probably
reflects a superimposition of endogenous de novo fatty
acid synthesis (64), selective uptake of LDL–CEs (65, 66)
and probably increased PL synthesis as an adaptive re-
sponse to FC loading of macrophages (67). Which one of
these mechanisms is predominant under the experimen-
tal conditions used during the present study is not clear.

In summary, we have shown that J774 macrophages ac-
celerate the formation of CE–core aldehydes in transition
metal-containing HAM’s F10 medium, an effect even more
pronounced when the cells were stimulated with PMA. CE–
core aldehydes were internalized by the cells, however,
which pathway is responsible for cellular uptake remains
to be elucidated.
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