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Abstract Monocytes can be activated by incubation with
opsonized zymosan (Zop), and under these conditions can
oxidize low density lipoprotein (LDL). We have character-
ized the biochemical changes in the lipoprotein after this
oxidation. We found that monocyte-oxidized LDL has in-
creased mobility on agarose gels, increased absorbance at
234 nm, increased content of lysophosphatidylcholine, and
fluorescence at 430 nm when excited at 350 nm. All these
features were somewhat less pronounced in monocyte-oxi-
dized LDL than in LDL oxidized by 5 

 

m

 

M

 

 CuSO

 

4

 

. Under ap-
propriate conditions, Zop-stimulated monocytes oxidized
LDL to a form recognized by macrophage scavenger recep-
tors. Monocytes stimulated by Zop produced superoxide
and also oxidized LDL, whereas monocytes stimulated by
phorbol ester produced slightly more superoxide but did
not oxidize LDL. We found that the chelators EDTA and di-
ethylenetriaminepentaacetic acid inhibited LDL oxidation
by Zop-stimulated monocytes, implying a requirement for
transition metal ions. We found that Zop contained approxi-
mately 5 nmol iron per mg, probably as Fe

 

3

 

1

 

. Zop stripped
of its iron supported superoxide production by monocytes,
but did not support LDL oxidation. Furthermore, Fe

 

2

 

1

 

 ap-
peared in the medium when monocytes were incubated with
Zop, but not with iron-stripped Zop.  Taken together,
these results imply that monocytes stimulated by Zop are
able to oxidize LDL only because of contaminating iron in
the commercial zymosan preparations.—
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 Low density lipoprotein (LDL) oxidation is believed to
be an important feature of the biochemical chain of
events leading from elevated cholesterol levels to athero-
sclerosis (1, 2). Oxidized LDL can be detected in athero-
sclerotic arterial tissue (3), and certain antioxidants slow
the progression of atherosclerosis in animal models (4–7).
The importance of oxidized LDL in vascular disease has
led to significant research efforts on the causes and effects
of LDL oxidation.

LDL oxidation is a complex process. The initial event is
probably formation of hydroperoxides in the polyunsatu-

 

rated fatty acyl chains of LDL lipid(s). Lipid hydroperox-
ides are conjugated dienes, and their absorbance at 234
nm allows for a simple assay for the early stages of LDL ox-
idation (8). The hydroperoxides in LDL can decompose
to form other oxidizing species, causing a free radical
chain reaction within the particle or perhaps between
LDL particles. This uncontrolled lipid peroxidation yields
many different molecular species (9), some of which can
be detected by the thiobarbituric acid assay (10). LDL
phospholipids with an oxidized fatty acyl chain at C-2 are
substrates for a phospholipase A

 

2

 

 that converts them to
lysolipids (11). The LDL apolipoprotein (apo)B is altered
in two ways by oxidation: there is direct oxidative scission
of peptide bonds (12), and some of the products of lipid
peroxidation react with the free amino groups of apoB,
forming covalent adducts (6, 13). These adducts increase
the net negative charge of the particle, which can be easily
detected by agarose gel electrophoresis (14), and these
adducts also have a characteristic fluorescence spectrum
(13, 15). Most importantly, it is the presence of these ad-
ducts that causes recognition of oxidized LDL by the scav-
enger receptor of macrophages (15), and macrophage
uptake of oxidized LDL may lead to foam cell formation
in vivo (1).

Most characterizations of oxidized LDL are from in
vitro studies. LDL can be oxidatively modified in vitro by
various chemical agents and by certain cultured cell types
(reviewed in refs. 1 and 16). To the extent that LDL oxida-
tion occurs in vivo, it is presumably catalyzed by the cells
of the artery. Because of the pathophysiological impor-
tance of oxidized LDL, it may be useful to understand the
mechanism(s) by which cells oxidize LDL.

LDL oxidation by most cultured cells requires a me-
dium containing transition metal ions (17–24). These ob-

 

Abbreviations: BPS, bathophenanthroline sulfonate; DETAPAC,
diethylenetriaminepentaacetic acid; SOD, superoxide dismutase;
TBARS, thiobarbituric acid-reactive substances; TPA, tetradecanoyl
phorbol acetate; Zop, opsonized zymosan; apo, apolipoprotein; LDL,
low density lipoprotein(s).
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servations present a puzzle: if LDL oxidation requires free
transition metal ions, how can LDL by oxidized in vivo
given the normal presence of physiological chelators? Per-
haps the in vitro systems that require transition metal ions
do not accurately mimic the in vivo situation. It would be
interesting to find a cellular mechanism for LDL oxida-
tion that does not require transition metal ions. Mono-
cytes activated with opsonized zymosan (Zop) can oxidize
LDL in RPMI medium, which is formulated without tran-
sition metal ions (25, 26). This intriguing observation im-
plies that LDL may be oxidized in the absence of metal
ions by activated monocyte/macrophages in the sub-
endothelial space.

Given the potential importance of transition metal-
independent LDL oxidation, it would be of great interest
to understand the mechanism of LDL oxidation by acti-
vated monocytes in RPMI medium. It has been demon-
strated that LDL oxidation in this system requires cytoso-
lic phospholipase A

 

2

 

 (27) and protein kinase C (28) but
does not require lipoprotein-receptor interactions (29).
In the present work, we have characterized LDL oxidation
by activated monocytes in RPMI medium: the monocyte-
oxidized LDL has been analyzed biochemically, and
mechanistic studies have addressed the roles of superox-
ide and transition metal ions.

MATERIALS AND METHODS

 

Cells and cell culture

 

Human peripheral blood monocytes were isolated from hep-
arinized blood using Histopaque-1077 as recommended by the
supplier (Sigma, St. Louis, MO). The mononuclear cells were
plated into cell culture-treated plastic 35-mm wells (5 million
cells per well in 6-well plates to yield 1 million monocytes per
well). The monocytes were allowed to adhere for 2 h, and then
the non-adherent lymphocytes were removed by washing. This
procedure yields a relatively pure culture of monocytes (30).
The cells were either used immediately or cultured overnight
(no significant differences were seen between immediate or
overnight use). HL-60 cells, a human monocyte-like cell line,
were obtained from ATCC (Rockville, MD) and grown as rec-
ommended. The rabbit aortic endothelial cell line RECB4 (31)
was grown as previously described (32). Resident mouse perito-
neal macrophages were obtained from female Swiss-Webster
mice by peritoneal lavage with phosphate-buffered saline. Mac-
rophages were plated in 6-well cell culture plates at 1 million
cells/well (for LDL oxidation) or in 24-well plates at 0.6 million
cells/well (for uptake assays) in DMEM containing 10% fetal
bovine serum.

 

Lipoprotein

 

Plasma was obtained from fasted normal volunteers, and LDL
were isolated by standard procedures (33). Concentrations of
LDL are expressed on the basis of protein, measured using the
micro BCA (bicinchoninic acid) protein reagent (Pierce Chemi-
cal Co., Rockford, IL), with bovine serum albumin as the stan-
dard. LDL was iodinated with Na

 

125

 

I using the “trapped label”
tyramine cellobiose (34). No significant differences were found
in preliminary experiments comparing the oxidative modifica-
tion of LDL labeled with 

 

125

 

I-tyramine cellobiose and LDL la-
beled conventionally (data not shown).

 

Preparation of opsonized zymosan (Zop) and stripping 
of iron from zymosan

 

Zymosan was purchased from Sigma (St. Louis) and United
States Biochemical (Cleveland); similar results were obtained
with zymosan from the two different sources. Zymosan was op-
sonized using human serum as described (30). During the course
of these studies, we considered the possibility that commercial zy-
mosan preparations contained Fe

 

3

 

1

 

. We therefore developed a
method to simultaneously strip zymosan of iron and quantitate
the iron removed. Our method used ascorbate to reduce Fe

 

3

 

1

 

to Fe

 

2

 

1

 

, and 

 

o

 

-phenanthroline to chromogenically bind Fe

 

2

 

1

 

(35). Specifically, iron was removed from zymosan by suspending
0.5 g zymosan in 40 ml of stripping solution, which contained
50 m

 

m

 

 HEPES (pH 7.4), 1 m

 

m

 

 diethylenetriaminepentaacetic
acid (DETAPAC), 100 

 

m

 

m

 

 

 

o

 

-phenanthroline, and 10 m

 

m

 

 ascor-
bate (all solutions used were sterile filtered). The suspension, in
a sterile 50-ml conical tube, was rotated slowly at room tempera-
ture for 2–3 days with 4 or 5 changes of stripping solution. The last
two treatments also contained 20% ethanol. Zymosan is particu-
late, so the material can be easily sedimented to change solutions.
The stripping solutions removed from the zymosan were pooled,
their volume was measured, and their absorbance was measured
at 510 nm against standards prepared from 

 

o

 

-phenanthroline and
FeSO

 

4

 

 (35). This allowed quantitation of the iron originally pres-
ent in the zymosan: we found zymosan contained approximately 5
nmol of iron per mg. The iron bound to the zymosan was prob-
ably Fe

 

3

 

1

 

, because solutions without ascorbate liberated no Fe

 

2

 

1

 

.
After the treatments with ascorbate and 

 

o

 

-phenanthroline, the zy-
mosan was washed twice with 10 m

 

m

 

 HEPES containing 1 m

 

m

 

 DE-
TAPAC, and then boiled for 10 min, as is standard for preparing
Zop (30). The zymosan was then opsonized using human serum
that had been treated with chelex resin (Bio-Rad) to remove any
transition metal ions. Finally, the Zop was washed with 10 m

 

m

 

HEPES and stored at 4

 

8

 

C until it was used. The “control” prepara-
tion of Zop was produced by treating a second aliquot of zymosan
exactly in parallel, except all chelators and ascorbate were omitted.

 

Assays of oxidative modification of LDL

 

LDL oxidation was carried out in 35-mm wells (6-well plates)
using 1 million cells per well in serum-free RPMI medium con-
taining 200 

 

m

 

g/ml LDL, in a final volume of 1 ml. In some incu-
bations, Zop was present at a final concentration of 2 mg/ml (25,
26). The incubations, usually in duplicate or triplicate, were per-
formed at 37

 

8

 

C in 95% air/5% CO

 

2

 

. After 24 h, media were har-
vested and centrifuged to remove cells and/or Zop. Some exper-
iments used LDL radioiodinated with tyramine cellobiose (20–50
cpm/ng). Small amounts of EDTA that were present in the LDL
solution carried over into the incubations (

 

,

 

3 

 

m

 

m

 

); this level of
EDTA had no effect on the results, as judged by experiments in
which LDL was dialyzed against RPMI prior to incubation with
cells (data not shown). Controls for LDL oxidation assays were
performed by incubating LDL in RPMI in the absence of cells.
Oxidative modification of LDL was routinely assayed by measure-
ment of thiobarbituric acid-reactive substances (TBARS) as previ-
ously described (36), measuring fluorescence (excitation at 515
nm, emission at 553 nm).

 

Other assays

 

Superoxide production was measured as described (30). Briefly,
1 million cells were incubated in 1 ml of Earles salts containing cy-
tochrome c, in the presence and absence of superoxide dismutase
(SOD). After 60 min, the medium was removed, and the SOD-in-
hibitable reduction of cytochrome c was measured spectrophoto-
metrically. Results are expressed as 

 

m

 

m

 

 superoxide produced in 1
h. Iron (as Fe

 

2

 

1

 

) released into cell culture media was quantitated
with bathophenanthroline sulfonate (BPS) as described (37).
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RESULTS

 

Characterization of LDL oxidized by 
Zop-stimulated monocytes

 

Human peripheral blood monocytes and mouse perito-
neal macrophages oxidized LDL in RPMI medium when
stimulated by Zop, but not when unstimulated (

 

Table 1

 

).
Our data are similar to data in previous reports (25, 26).
There was cell-type specificity to this oxidation because
rabbit aortic endothelial cells were unable to oxidize LDL
in RPMI whether or not Zop was present (Table 1).

LDL oxidized by activated monocytes was similar to cop-
per-oxidized LDL with respect to a number of biochemi-
cal changes that are characteristic of oxidized LDL. In
most cases, the characteristics of monocyte-oxidized LDL
were intermediate between native LDL and copper-oxi-
dized LDL, indicating that activated monocytes oxidize
LDL, but not as heavily as does 5 

 

m

 

m

 

 CuSO

 

4

 

. The charac-
teristics analyzed included migration on agarose gels (

 

Fig.
1

 

), UV absorbance and fluorescence (

 

Fig. 2

 

), and recogni-
tion by the macrophage scavenger receptor (

 

Table 2

 

).
Lysophosphatidylcholine content of LDL was also mea-
sured, following standard procedures (38, 39). We found
that native LDL contained 38 nmol lysophosphatidylcho-
line per mg LDL protein, and this increased when the

 

TABLE 1. Cell-type specificity of LDL oxidation
stimulated by Zop

 

LDL Oxidation (TBARS)

Cell Type Without Zop With Zop

 

nmol/mg LDL

 

Human peripheral blood monocytes (7) 0.61 

 

6

 

 0.2 11.2 

 

6

 

 2.1
HL-60 human monocyte-like cell line (6) 0.56 

 

6

 

 0.2 15.0 

 

6

 

 2.9
Mouse resident peritoneal macrophages (3) 0.70 

 

6

 

 0.3 15.2 

 

6

 

 2.0
Rabbit aortic endothelial cells (2) 0.48 0.53
LDL incubated without cells (5) 0.23 

 

6

 

 0.1 2.0 

 

6

 

 0.5

Various cell types were incubated with LDL in RPMI medium with
or without Zop (see Materials and Methods for details). After 24 h at
37

 

8

 

C, media were harvested and LDL oxidation was assayed by TBARS.
Results are presented as the mean and SEM of results from indepen-
dent experiments, except only means are given for endothelial cells.
Numbers in parentheses indicate the number of independent experi-
ments. Duplicate incubations were performed for each experiment.

Fig. 1. Agarose gel electrophoresis of LDL oxi-
dized by stimulated monocytes. 125I-labeled LDL was
incubated with monocytes and/or Zop in RPMI un-
der usual conditions (see Materials and Methods),
and electronegativity of the samples was compared
to native 125I-labeled LDL and copper-oxidized 125I-
labeled LDL. Samples were loaded into pre-cast aga-
rose gels and electrophoresed as recommended
(Ciba Corning Lipoprotein Electrophoresis System,
Palo Alto, CA). The electrophoretogram was sub-
jected to autoradiography. The treatment of the 125I-
labeled LDL samples is indicated beneath the lanes;
the lane on the far left contained native (unincu-
bated) 125I-labeled LDL. The general pattern of
these results was confirmed using Fat Red B staining
of non-radioactive LDL preparations that were re-
isolated by ultracentrifugal flotation after incubation
with monocytes and/or Zop (data not shown).

 

LDL was oxidized by 5 

 

m

 

M CuSO

 

4

 

 (388 nmol/mg) or by
Zop-activated monocytes (121 

 

6

 

 2; mean and range of du-
plicates). In contrast, lysophosphatidylcholine content of
LDL did not significantly increase after incubation of LDL
with unactivated monocytes (36 

 

6

 

 8 nmol/mg) nor with
Zop alone in the absence of cells (47 

 

6

 

 3).

 

Superoxide production does not correlate 
with LDL oxidation

 

It has been previously suggested that superoxide
causes LDL oxidation (26). Both Zop and tetradecanoyl
phorbol acetate (TPA) stimulate monocytes to produce
superoxide. We found that the extent and time course of
superoxide production was similar for monocytes stimu-
lated with Zop or with TPA (

 

Fig. 3A

 

). In contrast, LDL ox-
idation occurred when monocytes were stimulated with
Zop, but not when monocytes were stimulated with TPA
(Fig. 3B). Therefore, superoxide alone did not cause LDL
oxidation under these conditions.

 

Nitric oxide production is not required for LDL oxidation 
by activated monocytes

 

It has been reported that nitric oxide can oxidize LDL
(40), and that the combination of nitric oxide plus super-
oxide is a potent oxidant (41). Because of the physiologi-
cal importance of nitric oxide, we tested whether nitric
oxide was required for LDL oxidation, even though hu-
man monocytes probably do not produce nitric oxide
(42). We measured TBARS production during LDL oxida-
tion by activated monocytes in the presence or absence of
N-methyl arginine, which inhibits nitric oxide synthase
(43), or dexamethasone, which blocks production of the
inducible form of nitric oxide synthase (44). In this exper-
iment, control activated monocytes oxidized LDL and
produced 9.9 

 

6

 

 0.9 nmol/mg TBARS; neither N-methyl
arginine (11.7 

 

6

 

 1.0) nor dexamethasone (8.7 

 

6

 

 0.2) sig-
nificantly blocked LDL oxidation. We conclude that nitric
oxide production is not required for LDL oxidation by
Zop-activated monocytes.

 

Inhibition of LDL oxidation by various compounds

 

To further characterize LDL oxidation by activated
monocytes, we tested the ability of various compounds to
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inhibit the oxidation. As shown in 

 

Table 3

 

, classic chain-
terminating antioxidants such as butylated hydroxytolu-
ene and N,N

 

9

 

-diphenyl-phenylenediamine (5) were ef-
fective inhibitors. The chelators EDTA and DETAPAC
were found to be potent inhibitors of LDL observation
by Zop-activated monocytes. We also found that SOD in-
hibited LDL oxidation in this system, as previously re-
ported (26).

 

Zop contains iron, which is necessary for LDL oxidation

 

The ability of the chelators EDTA and DETAPAC to in-
hibit LDL oxidation by Zop-activated monocytes implied
that transition metal ions are required in this system. The
transition metal ions might come from either the Zop or the
monocytes. Using 

 

o

 

-phenanthroline and ascorbate (see Ma-
terials and Methods), we found that zymosan contains ap-
proximately 5 nmol of Fe per mg, probably as Fe

 

3

 

1

 

. This re-
sult was confirmed by inductively coupled plasma atomic
emission spectroscopy, which gave a value of 4.2 nmol of Fe
per mg of zymosan (analysis done at the Soil Testing Labora-
tories, University of Minnesota, St. Paul, MN). Copper was
also present at 0.14 nmol per mg. The relative significance
of the iron and copper is discussed below.

To determine whether the iron associated with the zy-
mosan was important for the biochemical activity of zy-
mosan, we compared monocytes treated with Zop to
monocytes treated with Zop that had been stripped of its
iron. Zymosan was stripped of iron using ascorbate plus

 

o

 

-phenanthroline (see Materials and Methods). The iron-
stripped Zop supported superoxide production by mono-
cytes and macrophages, but did not support LDL oxida-
tion (

 

Table 4

 

).

 

Monocytes cause release of Fe

 

2

 

1

 

 from Zop

 

We hypothesized that iron present in the Zop prepara-
tions was released as Fe

 

2

 

1

 

 during incubation with cells,
and that the Fe

 

2

 

1

 

 then participated in LDL oxidation. To
quantitate release of Fe

 

2

 

1

 

 from Zop, cells were incubated
in RPMI with Zop stripped of its iron or with control Zop,
in the presence and absence of the Fe

 

2

 

1

 

 reagent batho-

Fig. 2. UV and fluorescence spectra of LDL oxidized by stimu-
lated monocytes. LDL was incubated with monocytes and/or Zop
in RPMI under usual conditions (see Materials and Methods). The
LDL samples were re-isolated by ultracentrifugal flotation, dialyzed,
and sterile filtered, and then spectra were recorded at room tem-
perature. A: UV spectra were measured at LDL concentrations of
66 mg/ml as difference spectra versus native (unincubated) LDL.
B: Fluorescence emission spectra were measured using LDL sam-
ples at 270 mg/ml, with excitation at 350 nm (350 nm was the peak
of the excitation spectrum; data not shown). The shaded band indi-
cates the ranges of fluorescence spectra of three different control
LDL samples: native LDL, LDL incubated with unstimulated mono-
cytes, and LDL incubated with Zop alone.

 

TABLE 2. LDL oxidation by Zop-stimulated monocytes leads to 
macrophage uptake via scavenger receptors

 

Incubation Conditions Macrophage Uptake

Additions [LDL] Total

 

1

 

 Poly-I SR-specific

 

a

 

m

 

g/ml

 

m

 

g LDL taken up/mg cell protein

 

Cells 

 

1

 

 Zop 50 2.8 

 

6

 

 0.1 0.97 

 

6

 

 0.1 1.8
Cells 

 

1

 

 Zop 100 2.4 

 

6

 

 0.03 1.0 

 

6

 

 0.04 1.4
Zop alone 50 0.76 

 

6

 

 0.04 0.59 

 

6

 

 0.5 0.17
Cells alone 50 0.71 

 

6

 

 0.04 1.09 

 

6 0.06 0
5 mm CuSO4 100 3.2 6 0.1 1.06 6 0.16 2.1
Unincubated

LDL — 0.85 6 0.15 0.95 6 0.03 0

LDL was radioiodinated using the “trapped ligand” tyramine cello-
biose (see Materials and Methods). The concentration of 125I-labeled
LDL given in the table was incubated with monocytes and/or Zop in
RPMI medium. After 24 h, the media were harvested and Zop was re-
moved by centrifugation. The 125I-labeled LDL in the supernatants was
diluted to 5 mg/ml in DMEM containing 1 mg/ml of lipoprotein-defi-
cient serum and incubated with mouse peritoneal macrophages in the
presence and absence of 5 mg/ml polyinosinic acid, which is a potent
inhibitor of scavenger receptors (32). After 5 h, the media were re-
moved and the macrophages were washed in saline, then dissolved in
NaOH. Aliquots of the dissolved macrophages were assayed for 125I and
protein and uptake is expressed as mg of LDL per mg of macrophage
protein during the 5 h incubation. Values given are the mean and
range for duplicate determinations. Similar results were obtained in an
independent experiment using a different batch of 125I-labeled LDL.

a Scavenger receptor-specific uptake was calculated by subtracting
uptake in the presence of polyinosinic acid from uptake in the absence
of polyinosinic acid. Values less than zero are given as zero.
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phenanthroline sulfonate (BPS). After a 24 h incubation,
the media were harvested, centrifuged, and the iron–BPS
complex was quantitated. As shown in Table 5, both HL-
60 cells and human peripheral blood monocytes cause the
release of iron from Zop but not from Zop that had been

stripped of iron. Based on the iron content of zymosan
measured by atomic emission spectroscopy, the cells
caused the release of approximately one-third of the total
zymosan-associated iron (2.7 mm iron in 1 ml conditioned
medium divided by 8.4 nmol iron present in 2 mg zymo-
san in the incubation 5 32%). Our assay detected no iron
when monocytes or Zop were incubated in the absence of
the other (data not shown). Comparison of Tables 4 and 5
suggest that iron released from Zop is required for LDL
oxidation by activated monocytes.

Replenishing the iron allows stripped Zop to 
support LDL oxidation

To determine whether iron was the critical factor lost from
zymosan during stripping, iron was added back to incuba-
tions with stripped Zop. Reagent FeSO4 was added to achieve
the same amount that was found to be released from the
commercial zymosan by the cells. Reagent CuSO4 was also
tested, because the presence of 0.14 nmol copper per mg of
zymosan had been detected by inductively coupled plasma
atomic emission spectroscopy. In the experiment, HL-60
cells incubated with iron-stripped Zop and LDL produced
0.8 6 0.1 nmol/mg of TBARS. The addition of 0.15 mM
CuSO4 did not increase the production of TBARS (0.9 6
0.1), whereas the addition of 3 mm FeSO4 significantly in-
creased TBARS production to 9.5 6 0.2 nmol/mg. The addi-
tion of 3 mm FeSO4 to RPMI medium did not enhance LDL
oxidation in the absence of cells. This last observation is simi-

Fig. 3. Superoxide production does not correlate with LDL oxi-
dation. A: Time course of superoxide production by human mono-
cytes incubated with TPA or Zop. The activating agent was added to
the monocytes at time zero, and superoxide production was mea-
sured at various times. At each time point, superoxide production
was measured for 1 h; values represent the production of superox-
ide over the preceding hour. Unstimulated monocytes produced
1.9 6 0.5 mm superoxide per hour. B: LDL oxidation by human
monocytes incubated with TPA, Zop, or with no activator. Incuba-
tions were for 24 hours, as described in Materials and Methods.

TABLE 3. Inhibition of monocyte-mediated LDL
oxidation by various agents

Compound IC50

N,N9-diphenyl-phenylenediamine (DPPD) 0.59 6 0.25 mm
Butylated hydroxytoluene (BHT) 13.4 6 3.7 mm
Diethylenetriaminepentaacetic acid (DETAPAC) 6.1 6 2.8 mm
EDTA 17.9 6 2.1 mm
Superoxide dismutase (SOD) 0.2 6 0.1 U/ml

LDL was incubated with monocytes activated by Zop. Compounds
were tested at various concentrations and the concentration required to
inhibit 50% of the production of TBARS (IC50) was determined graphi-
cally. For the experiments involving EDTA and DETAPAC, the LDL was
pre-dialyzed against RPMI overnight at 48C to remove all traces of EDTA
from the LDL preparation. Values given are the mean and range for
duplicate determinations from independent experiments.

TABLE 4. Iron-stripped Zop supports superoxide production
but not LDL oxidation

Monocytes Macrophages HL-60 Cells

Superoxide production (mM/h)
Control Zop 11.1 6 0.9 4.9 6 0.3 n.d.
Iron-stripped Zop 11.0 6 0.7 5.9 6 0.4 n.d.

LDL oxidation (nmol/mg LDL)
Control Zop 13.4 6 2.9 17.3 6 3.5 16.9 6 4.3
Iron-stripped Zop 1.5 6 0.6 1.7 6 0.3 0.89 6 0.3

See Materials and Methods for details of the preparation of iron-
stripped Zop. Zop preparations were incubated with human peripheral
blood monocytes, mouse peritoneal macrophages, or HL-60 cells and
superoxide production or LDL oxidation (TBARS) was measured (see
Materials and Methods). Values given are means 6 SEM of results from
3 independent experiments, using 3 different batches of Zop. Each ex-
periment used duplicate incubations; n.d., not determined.

TABLE 5. Monocytes cause release of Fe21 from Zop

HL-60 Cells Monocytes

mM Fe 21 in medium

Control Zop 2.67 6 0.63 2.78 6 0.52
Iron-stripped Zop 0.36 6 0.27 0.59 6 0.31

Cells (HL-60 cells or human peripheral blood monocytes) were in-
cubated in RPMI (without phenol red) with iron-stripped Zop or con-
trol Zop, in the presence and absence of the iron reagent batho-
phenanthroline sulfonate (BPS) at 50 mM. After 24 h, the media were
harvested, centrifuged, and the supernatants’ absorbances at 530 nm
were compared to a standard curve of Fe21. The samples without BPS
were used as the blank in the assay to correct for media absorbance.
Values given are means 6 SEM of results from 3 independent experi-
ments, using 3 different batches of Zop. Each experiment used tripli-
cate incubations.
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lar to data published by Lamb and Leake (18). Taken to-
gether, these data imply that the iron present in the zymosan
is important for LDL oxidation, and also that the procedure
used to strip the zymosan did not introduce an antioxidant
that prevents LDL oxidation by monocytes.

Contact between Zop and the cells is not required 
for LDL oxidation

To test whether contact between Zop and the cells was
required for iron release we used Trans-well inserts. These
inserts fit inside the wells of 6-well plates, and are made of
a microporous membrane with 0.25-micron pores such
that soluble molecules pass through freely, but particu-
lates are held in place approximately 1 mm above the
cells. When HL-60 cells were placed in the wells and Zop
was placed in the insert such that there was no contact,
very little LDL oxidation occurred (Table 6). When TPA
was also added, however, there was significant LDL oxida-
tion, even though cells plus TPA alone caused no LDL ox-
idation (Table 6). This suggests that activated monocytes
secrete a factor that causes iron release from Zop, leading
to LDL oxidation. This factor is released by cells stimu-
lated by the Zop itself or by TPA.

We also performed a control experiment to show that
there was no leakage of the Zop from the insert onto the
cells. Zop is particulate and is prepared via repeated low-
speed sedimentations (30), so it would be expected that
the membrane pores would retain the Zop in the insert.
To confirm this, we measured superoxide production by
HL-60 cells incubated with empty inserts or with inserts
containing Zop. HL-60 cells alone produced 1.6 6 0.4 mm
superoxide per h, and with Zop in the inserts, the cells
produced 1.8 6 0.3 mm/h (mean 6 SEM of triplicate incu-
bations). Superoxide production increased to 15.8 6 2.1
mM/hr when the Zop was placed directly onto the cells in
the standard method. This experiment showed that Zop
in the insert does not leak through to the cells.

Zop alone, but not iron-stripped Zop, can oxidize LDL
We noticed that control incubations of LDL with Zop in

the absence of cells gave slightly higher TBARS than LDL

incubated in medium alone. We therefore tested whether
Zop alone can oxidize LDL over many days at 378C. LDL
was incubated in the absence of cells at 378C in RPMI me-
dium with or without Zop or iron-stripped Zop. After 48
h, TBARS (nmol/mg) produced were 0.3 6 0.03 without
Zop, 0.5 6 0.05 with iron-stripped Zop, and 7.0 6 0.2 with
Zop. The TBARS increased after 96 h to 0.5 6 0.04 , 0.8 6
0.07, and 11 6 0.1 , respectively. These data suggest that
the iron carried by Zop is capable of causing limited LDL
oxidation in the absence of cells.

DISCUSSION

LDL oxidation by cultured cells has been intensively
studied (1, 11–29). Transition metal ions are usually re-
quired for this process (14–24). Free transition metal ions
may not be available in vivo, however, due to the presence
of endogenous chelators. Thus it would be of great inter-
est if there existed an in vitro cellular mechanism for LDL
oxidation that was independent of transition metal ions.
Activated monocytes are known to secrete oxidizing
agents (30), and it was reported that monocytes activated
by Zop could oxidize LDL in RPMI medium, which is for-
mulated without transition metal ions (25, 26). This was
an intriguing candidate for a possible physiologically rele-
vant mechanism for cellular LDL oxidation. We have fur-
ther characterized this system and found that the oxidized
LDL produced is similar to copper-oxidized LDL. The
monocyte-oxidized LDL contained lysophosphatidylcho-
line, had increased mobility on agarose gels, displayed in-
creased fluoresence, and was a ligand for scavenger recep-
tors. In general, the absolute extent of LDL oxidation by
activated monocytes was less than the oxidation achieved
by copper ions.

We have also addressed the mechanism of LDL oxida-
tion by activated monocytes. We found that, despite the
absence of transition metal ions in the formulation for
RPMI medium, the LDL oxidation required transition
metal ions, as judged by the fact that chelators inhibited
the oxidation. We discovered that small amounts of iron
were present in the commercial zymosan used to prepare
the Zop. The ability of Zop to stimulate LDL oxidation
was completely lost when the Zop was subjected to a pro-
cedure that stripped it of iron, even though iron-stripped
Zop still activated the cells. Commercial zymosan prepara-
tions apparently are contaminated with sufficient iron to
support LDL oxidation by activated monocytes. Thus acti-
vated monocytes require transition metal ions to oxidize
LDL, as do other cell types (14–24).

If Zop carries iron, why doesn’t Zop alone cause LDL
oxidation? Although Zop alone does catalyze minimal
LDL oxidation, Zop plus monocytes oxidize LDL to a
much greater extent. Our data suggest that activated
monocytes secrete a factor that reduces Zop-bound Fe31

to Fe21, and the Fe21 is released from the Zop and partici-
pates in LDL oxidation. This factor is likely to be superox-
ide, given the known ability of superoxide to reduce Fe31

in ferritin, followed by iron-catalyzed lipid peroxidation

TABLE 6. Contact between Zop and the cells is
not required for LDL oxidation

Additions to
Cells in Well

Additions
to Insert

LDL Oxidation
(TBARS)

nmol/mg

None none 0.3 6 0.1
TPA none 0.4 6 0.2
Zop none 21.9 6 3.7
None Zop 6.9 6 0.8
TPA Zop 23.0 6 2.1

HL-60 cells were incubated in 6-well plates into which were placed
Trans-well inserts (Costar, Cambridge, MA). The inserts have a mi-
croporous membrane with 0.25 micron pores such that soluble mole-
cules pass through freely but particulates are held in place approxi-
mately 1 mm above the cells. Zop was added directly to the cells as
usual, or to the inserts, or not added at all. Other conditions were as usual
(see Materials and Methods). After 24 h, media were harvested and
LDL oxidation was measured as TBARS. Data are given as mean 6
SEM from triplicate experiments, each with duplicate incubations.
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(37, 45). This action of superoxide would explain the abil-
ity of SOD to inhibit LDL oxidation (Table 3 and refer-
ence 26). In our experiments, superoxide alone did not
directly oxidize LDL, as judged by the fact that stimula-
tion of monocytes with TPA, which caused substantial
superoxide production, did not cause LDL oxidation.
Stimulation of monocytes with Zop, however, caused su-
peroxide production and also caused LDL oxidation. The
ability of Zop to stimulate LDL oxidation was completely
lost when the Zop was subjected to a procedure that
stripped it of iron, even though iron-stripped Zop still sup-
ported superoxide production by the cells. Thus we sug-
gest that the superoxide, or some other factor released by
activated monocytes, liberates contaminating iron in the
commercial zymosan preparations, which is followed by
iron-catalyzed LDL oxidation. The liberated iron may in-
teract with superoxide molecules to cause LDL oxidation,
e.g., via Haber-Weiss reactions. Hiramatsu et al. (46) have
previously shown that cellular superoxide production can
cause LDL oxidation in the presence of iron. It is also
worth noting that Garner et al. (47) have shown that mac-
rophages can reduce transition metal ions by superoxide-
independent mechanisms.

There is disagreement in the literature as to whether su-
peroxide alone can cause LDL oxidation. Production of
superoxide by radiolysis can lead to LDL oxidation, al-
though this oxidation is efficient only at pH below physio-
logical levels (48). Lynch and Frei (49) used xanthine
plus xanthine oxidase to produce superoxide and showed
that superoxide only oxidizes LDL in the presence of tran-
sition metal ions. The elegant work of Hiramatsu et al.
showed (46) that TPA-stimulated human monocytes could
oxidize LDL only if they could produce superoxide. A crit-
ical observation in this study was that 10 mm EDTA inhib-
ited 85% of the LDL oxidation catalyzed by activated
monocytes (46), implying that transition metal ions were
required. Transition metal ions, especially iron, are com-
mon contaminants in commercial reagents and even in
distilled water stored in glass; their presence may, how-
ever, vary among different laboratories. To summarize, it
is clear that superoxide plus transition metal ions can
cause LDL oxidation and lipid peroxidation in general
(21, 37, 45, 46, 49–51 and the present work). It is unlikely
that superoxide alone is capable of oxidizing LDL at phys-
iological pH.

Which of the many proposed mechanisms for LDL oxi-
dation are most likely to be relevant in vivo? In the pres-
ence of transition metal ions, cells can cause LDL oxida-
tion by secretion of superoxide, as discussed above.
Superoxide production occurs in vivo, and superoxide
can spontaneously dismutate to H2O2. These molecules
are oxidants, but as discussed above, their ability to signifi-
cantly oxidize LDL appears to be dependent on transition
metal ions. Free transition metal ions may or may not be
available in vivo. Total body iron was shown to be corre-
lated with carotid artery atherosclerosis in humans (52),
but iron overload did not increase atherosclerosis in hy-
percholesterolemic rabbits (53). Atherosclerotic “gruel”
has been reported to contain reactive iron that is compe-

tent for lipid peroxidation (54). LDL oxidation has been
achieved in the absence of transition metal ions by enzy-
matic systems using peroxidase (55), lipoxygenase (36, 56),
or myeloperoxidase (57). Atherosclerotic lesions have been
shown to contain both lipoxygenase (58) and myeloper-
oxidase (59). Future research may clarify the important is-
sue of whether LDL oxidation in vivo requires free transi-
tion metal ions, or if enzymes present in the lesion can
oxidize LDL without free transition metal ions.
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