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Abstract Oxidative modification of low density lipoprotein 
(LDL) has been suggested as a causal step in atherosclerosis, and 
both redox-active transition metal ions and superoxide ( 0 2 ' - )  

have been implicated in this process. In order to determine the 
mechanisms of metal ion-dependent oxidation of LDL in the 
presence of 02'-, LDL was exposed to hypoxanthine (HX) and 
purified xanthine oxidase (XO) without and with added CuC12 
or FeY'-citrate. Production of 02- and hydrogen peroxide 
(HZOZ) at pH 7.4 by the HWXO system in the absence of metal 
ions was not sufficient to oxidize LDL. Preincubation of LDL 
with Cu2+ or Fe3+-citrate with subsequent removal of metal ions 
not tightly bound to the lipoprotein did not enable the HX/XO 
system to oxidize LDL. However, incubation of LDL with 
HX/XO and Cu2+ resulted in extensive modification of LDL. 
Exposure of LDL to Cu2+ alone also led to extensive modifica- 
tion, although the LDL was initially free of detectable amounts 
of lipid hydroperoxides (LOOH), Le., <0.005 molecules of 
LOOH per LDL particle. Although HX/XO and C U ~ '  did not 
produce detectable amounts of 02.- or aqueous hydroxyl radi- 
cals (HO'), oxidation of LDL under these conditions was par- 
tially inhibited by superoxide dismutase, and completely in- 
hibited by the HO' scavenger thiourea. In contrast to 
Cu2+-mediated oxidation of LDL, oxidation mediated by 
Fe3+-citrate was strictly dependent upon 02'-, as it was abolished 
by omission of the HWXO system or by addition of superoxide 
dismutase to this system. HX/XO and Fe3+-citrate generated 
substantial amounts of HO., which were effectively scavenged by 
mannitol, yet mannitol did not inhibit LDL oxidation under 
these conditions. Our results show that oxidative modifica- 
tion of LDL by Cu2+ can occur in the absence of detectable 
amounts of preformed LOOH in LDL and is also independent 
of 02'-, H202,  and aqueous HO. production. The same holds 
true for LDL oxidation mediated by Fe3*-citrate, except for 02'-, 
which may be required merely to reduce Fe3+, not because it can 
drive production of HO. by the Fenton reaction.- Lynch, 
S. M., and B. Faxi. Mechanisms of copper- and iron-dependent 
oxidative modification of human low density lipoprotein. 
J. Lipid Res. 1993. 34 1745-1753. 
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Oxidative modification of low density lipoprotein 
(LDL) has been suggested to play a causal role in human 

atherosclerosis (1, 2). All three of the major cell types 
present in early atherosclerotic lesions (endothelial cells, 
smooth muscle cells, and monocyte-macrophages) have 
been shown to oxidize LDL in vitro (3-6). Evidence that 
LDL oxidation occurs in vivo includes immunochemical 
demonstration of oxidized LDL (LDLx) in atherosclerotic 
lesions (7, 8), the extraction of LDL,, from athero- 
sclerotic lesions (7, 9), and the presence in human plasma 
of circulating autoantibodies against epitopes of LDL,, 
(7, 10). In addition to facilitating lipid uptake by 
monocyte-macrophages, LDL,, has also been shown, 
inter alia, to stimulate leukocyte adherence to the micro- 
vascular endothelium (ll), induce monocyte chemotactic 
protein-1 in endothelial and smooth muscle cells (12), and 
inhibit endothelium-dependent vasodilation (13, 14). 

Despite these extensive data suggesting an important 
role for oxidative modification of LDL in atherosclerosis, 
the mechanism of LDL oxidation is presently unclear. 
The observation that LDL may be oxidatively modified 
by incubation with soybean lipoxygenase and phospho- 
lipase A2 (15) and data from experiments in which lipoxy- 
genase inhibitors could prevent LDL oxidation by endo- 
thelial cells or macrophages (16, 17) suggested that cellular 
lipoxygenases are involved in oxidative modification of 
LDL. However, it has been shown that 5- and 15-lipoxy- 
genase activities are not essential for LDL oxidation 

Abbreviations: CAT, catalase (EC 1.11.1.6.); DTPA, diethylenetri- 
aminepenta-acetic acid; EDTA, ethylenediaminetetra-acetic acid; GSH, 
reduced glutathione; HX, hypoxanthine; LDL, low density lipoprotein; 
LDL,,, oxidized low density lipoprotein; LOOH, lipid hydroperox- 
ide(s); PBS, 10 mM phosphate-buffered saline, pH 7.4; REM, relative 
electrophoretic mobility; SOD, copper, zinc-containing superoxide dis- 
mutase (EC 1.15.1.1.); TBARS, thiobarbituric acid-reactive substances; 
XO, xanthine oxidase (EC 1.2.3.2.); HPLC, high performance liquid 
chromatography. 
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(18-20). Other experiments suggest that release of super- 
oxide (02'-) from smooth muscle cells (21, 22) and mono- 
cytes (23), and possibly macrophages (24, but see also 17, 
25) and endothelial cells (26, but see also 16), or its gener- 
ation by autooxidation of extracellular thiol compounds 
(27) are important in LDL oxidation. However, 0,'- at 
physiological pH induces little lipid peroxidation in LDL 
(28), consistent with its low reactivity towards unsatu- 
rated lipids (29). Only when catalytic quantities of copper 
or iron are present can 02'- stimulate LDL oxidation (22, 
28). It may be that initiation of lipid peroxidation in LDL 
by 0,'- and metal ions results from generation of highly 
reactive hydroxyl radicals (HO')  from hydrogen peroxide 
(HzO,) by the 02'--driven Fenton reaction (Reaction [2]) 
(30): 

02'- + Me("+')+ -+ O2 + Me"+ [I1 

H202 + H' + Me"+ -+ HO'  + H20 + Me("+')+ [2] 

(Me("+'), oxidized metal ion; Me"+, reduced metal ion). 
However, it has been reported that mannitol, a HO '  
scavenger, cannot inhibit oxidation of LDL by monocytes, 
macrophages, smooth muscle cells, or endothelial cells, 
suggesting that aqueous HO' are not involved (22-24, 
26). As copper can bind to LDL (31-33) it may be that 
HO '  are not formed in the aqueous phase but on the LDL 
particle itself causing damage by a site-specific mecha- 
nism (34). Alternatively, metal ions may initiate lipid 
peroxidation in LDL by a H0'-independent mechanism, 
e.g., by decomposition of preformed lipid hydroperoxides 
(LOOH) to peroxyl and alkoxy1 radicals which subse- 
quently initiate new rounds of radical chain oxidation 

Thus, although their mechanism of action is not com- 
pletely understood, redox-active transition metal ions 
(copper or iron) have been demonstrated to be required 
for oxidative modification of LDL in vitro (4, 22-26, 28, 
35). Interestingly, both copper and iron levels are sig- 
nificantly increased in atherosclerotic, compared with 
healthy, arterial walls (38), and a recent study (39) has 
shown that mature atherosclerotic lesions contain de- 
tectable iron and copper in a form that promotes lipid 
peroxidation. Furthermore, epidemiologic studies have 
found a positive association between serum copper or fer- 
ritin levels (the latter a good indicator of body iron stores) 
and risk for cardiovascular disease (40-42). Therefore, 
copper and/or iron may play a pivotal role in formation 
of LDL,, not only in vitro but also in vivo. The experi- 
ments reported here were aimed at investigating the 
mechanisms of metal ion-dependent oxidation of LDL in 
a cell-free in vitro system utilizing the enzymatic hypox- 
anthine (HX)/xanthine oxidase (EC 1.2.3.1., XO) system 
to mimic the previously documented release of 0 2 ' -  by ar- 
terial wall cells (21-24, 26). 

(35-37). 

MATERIALS AND METHODS 

Materials 

Chelex-100 resin was purchased from Bio-Rad (Rich- 
mond, CA); copper,zinc-containing superoxide dismutase 
(EC 1.15.1.1., SOD), catalase (EC 1.11.1.6., CAT), and 
EDTA-free XO were from Boehringer Mannheim Bio- 
chemicals (Indianapolis, IN); and 15-hydroperoxy-eicosa- 
tetraen-l-oic acid was from Cayman Chemical Company 
(Ann Arbor, MI). Ebselen (PZ51) was a gift from Dr. 
Craig E. Thomas (Marion Merrell Dow Research Insti- 
tute, Cincinnati, OH). All other chemicals were pur- 
chased from Sigma Chemical Company (St. Louis, MO). 
Lip0 gels for agarose gel electrophoresis were purchased 
from Beckman (Brea, CA); Acrodisc filters were from 
Gelman Sciences (Ann Arbor, MI); aprotinin-agarose 
affinity chromatography columns were from Sigma 
Chemical Company (St. Louis, MO); and Sephadex 
G-25M PD-10 columns were from Pharmacia (Uppsala, 
Sweden). 

Purification of XO 

Commercial XO preparations may be contaminated 
with adventitious iron (43), proteinases (44, 45), and 
phospholipase A, activity (46). As each of these con- 
taminants may interfere with the experiments reported 
here, it was necessary to develop a procedure for their 
removal. XO was purchased from Boehringer Mannheim 
Biochemicals (Catalog No. 110 434) as this preparation 
has been reported to be free of detectable phospholipase 
A, activity (46). To remove adventitious iron and pro- 
teinase activity, XO (5 Unitdml) was incubated with 
1 mM deferoxamine mesylate at room temperature for 
30-60 min with occasional gentle mixing and an aliquot 
(3.0 ml) was loaded onto a prepacked aprotinin-agarose 
affinity chromatography column (Sigma Kit No. AP-10) 
equilibrated with 10 mM phosphate-buffered saline, pH 7.4 
(PBS). The sample was allowed to run into the column 
and the resulting eluate was collected. This eluate (3.0 ml) 
was loaded onto a second aprotinin column and the eluate 
was collected as before. This two-step affinity chromatog- 
raphy procedure removed all proteinase activity from the 
XO preparation as assessed by a hemoglobin degradation 
assay (47). Proteinase-free XO (2.5 ml) was passed se- 
quentially through three Pharmacia Sephadex G-25M 
PD-10 columns, equilibrated with PBS, according to the 
manufacturer's instructions. These gel filtration steps re- 
moved low molecular weight contaminants including ad- 
ventitious iron complexed with deferoxamine and excess 
deferoxamine. The eluate from the third PD-10 column 
was used in incubations requiring XO activity. XO ac- 
tivity was determined spectrophotometrically by measur- 
ing the increase in absorbance at 295 nm associated with 
production of uric acid (molar absorption coefficient = 

11,000 M-'cm-1) from HX (48). 
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Preparation of unoxidized LDL 
LDL was isolated from the plasma of a healthy, normo- 

lipidemic volunteer by single vertical spin discontinuous 
density ultracentrifugation (49). The density of fresh 
plasma, anticoagulated with sodium heparin, was in- 
creased to 1.21 g/ml by addition of solid KBr (0.3265 g/ml 
plasma). A discontinuous NaCl/KBr gradient was estab- 
lished in Beckman Quick-Seal centrifuge tubes (5.0 ml 
capacity) by layering density-adjusted plasma (1.5 ml) 
under 0.154 M NaCl in Chelex-100-treated water (3.5 ml). 
The samples were centrifuged at 80,000 rpm and 7OC for 
45 min in a Beckman Near Vertical Tube 90 rotor 
(443,000 gav; Beckman L8-80M ultracentrifuge). Slow 
acceleration and deceleration modes (modes 3) were used 
to avoid disturbing the gradient. After centrifugation 
LDL was observed as an orange band in the upper middle 
portion of the tubes and was removed by puncturing the 
tube with a needle and withdrawing the LDL into a l-ml 
syringe. Contaminating metal ions were removed from 
isolated LDL by addition of a small quantity of Chelex-100 
resin with gentle mixing. The resin was removed by cen- 
trifugation (500 gav for 1 min at 7OC) and the super- 
natant containing LDL was filtered (Gelman 0.2 pm 
Acrodisc filter). An aliquot (2.0 ml) of LDL was incubated 
with 20 pM Ebselen (PZ51, added in 12.5 pl ethanol) and 
3 mM reduced glutathione (GSH) at 37OC for 15 min 
(final volume, 2.5 ml) to remove preformed LOOH (37, 
50). Ebselen, GSH, and residual KBr were removed from 
the LDL preparation by sequential passage through three 
Sephadex G-25M PD-10 columns equilibrated with PBS. 
The eluate from the third PD-10 column containing LDL 
was used immediately in experiments. GSH concentra- 
tions in LDL preparations were measured (51) and found 
to be about 5 pM (S. M. Lynch and B. Frei, unpublished 
data). LDL protein was determined by a modification 
(52) of the method of Lowry et al. (53). 

Measurement of lipid hydroperoxides 

Cholesteryl ester hydroperoxides and phospholipid 
hydroperoxides in LDL were quantitated using an HPLC 
method with chemiluminescence detection (54, 55) and 
15-hydroperoxy-eicosatetraen-l-oic acid as a standard. Al- 
ternatively, diene conjugation was measured as absor- 
bance at 234 nm (56), or thiobarbituric acid-reactive sub- 
stances (TBARS) by a modification of a standard assay 
(57, 58). For TBARS determination, samples (0.5 ml) 
were incubated with 1.0% (w/v) 2-thiobarbituric acid in 
50 mM NaOH (0.25 ml) and 2.8% (w/v) trichloroacetic 
acid (0.25 ml) in a boiling water bath for 10 min. After 
cooling to room temperature the pink chromogen was ex- 
tracted into n-butanol (2.0 ml) and its absorbance at 
535 nm was measured. TBARS concentrations were cal- 
culated from a calibration prepared using 1,1,3,3-tetra- 
methoxypropane (0-8 pM) as a standard. 

Experiments 

Only fresh, not stored, LDL prepared as described 
above was used in experiments. Incubation mixtures in 
PBS contained, in a final volume of 215 pl, the following 
reagents at the concentrations indicated: LDL (protein, 
0.2 mg/ml), HX (1.5 mM), and purified XO (0.02 
Units/ml, 1 Unit defined as converting 0.2 mM HX to 
uric acid per min) without (control) or with either CuC12 
(10.0 pM) or Fe3+-citrate (10.0 pM, 1:l complex), the latter 
used as a physiological iron-chelate. Incubations also 
contained diethylenetriaminepenta-acetic acid (DTPA; 
2.5 pM) to eliminate possible artefactual oxidation of 
LDL by trace amounts of contaminating metal ions. In- 
cubations were terminated after 24 h by addition of excess 
DTPA (1.0 mM) and transfer of the samples to an ice 
bath. 

To investigate the requirement for metal ions in the oxi- 
dation of LDL by the HX/XO system, excess DTPA 
(25 pM) or EDTA (100 pM) was added to incubations. 
SOD (1000 Units/ml) and CAT (1000 Units/ml) were used 
to determine the importance of 02'- and H202, respec- 
tively; the HO'  scavengers urea, mannitol, and thiourea 
(50 mM each) were added to determine whether aqueous 
HO' are involved in LDL oxidation. To investigate the 
significance of metal ion binding to LDL as a factor in its 
oxidation, LDL (protein, 0.6 mg/ml) was preincubated at 
37OC for 15 min without (control) or with either CuC12 or 
FeS+-citrate (10 pM or 100 pM each). Unbound metal ions 
were removed by passing LDL preparations through 
three Sephadex G-25M PD-10 columns equilibrated with 
PBS. LDL eluted from the third column was incubated 
(protein, 0.2 mg/ml) at 37OC for 24 h in the standard 
HX/XO system without (control) or with either CuC12 or 
FeS+-citrate (10 pM). 

Increased anodic electrophoretic mobility of LDL on 
agarose gels was used to assess oxidative modification. 
LDL was electrophoresed at 100 V for 30 min in 0.5% 
agarose gels (Beckman Lip0 gels) with 0.05 M barbital 
buffer, pH 8.6, in a Beckman Paragon electrophoresis sys- 
tem. Gels were fixed, stained, and destained according to 
the manufacturer's instructions. 

Generation of 02'- and HO' by the HWXO system 
was determined as SOD-inhibitable reduction of ferri- 
cytochrome c (59) and formation of TBARS from de- 
oxyribose (57, 58), respectively. 

RESULTS 

All LDL preparations used in this investigation were 
isolated by a rapid method (49) and treated with the syn- 
thetic peroxidase Ebselen in the presence of GSH (37) im- 
mediately before use in experiments. These procedures 
were used to eliminate LOOH (50) that might have been 
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formed during LDL isolation, and which would have had 
a confounding effect on the experimental results. Aliquots 
of LDL prepared in this way were routinely analyzed for 
cholesteryl ester hydroperoxides using HPLC with chemi- 
luminescence detection (55) and found to contain no de- 
tectable amounts of LOOH (Le. <10 pmol/mg protein; 
Fig. 1A). Assuming a molecular weight for apolipopro- 
tein B of 500,000 (36), this detection limit corresponds to 
<0.005 molecules of LOOH per LDL particle. 

Characterization of the HX/XO system 

Results from analyses of 02'- and HO'  generation by 
the in vitro systems used in this study are presented in 
Table 1 and Fig. 2, respectively. Reduction of ferricyto- 
chrome c by the HX/XO system was shown to result 

A 

+ 
\ I 

5 10 
Time (min) 

I " " I " "  . . .  
5 

Fig. 1. Detection of cholesteryl ester hydroperoxides (CEOOH) in 
LDL samples by HPLC. Chemiluminescence elution profiles of LDL 
before (-) and after (----) incubation with Fes+-citrate (10 p ~ )  for 
15 min at 37OC are shown in panel A. Ubiquinol-10 (Ubi-10) eluted at 
t = 6.7 min while CEOOH eluted at t = 7.6 min. Note the absence of 
detectable CEOOH in fresh (unincubated) LDL. Panel B shows the 
chemiluminescence elution profile of LDL incubated with Cu2' (10 p ~ )  
for 15 min at 37OC. Detector sensitivity was 30-fold lower in panel B 
(ordinate scale = 0-450 mV), compared with panel A (ordinate scale = 

0-15 mV). CEOOH in LDL incubated with Fes+-citrate and Cu2' were 
139 pmoUmg protein and 4850 pmol/mg protein, respectively. 

TABLE 1.  Effects of Cu2' and Fe3kitrate on ferricytochrome L 

reduction by the hypoxanthine (HX)/xanthine oxidase (XO) system 

Incubation A,," 

HX/XO 
HX/XO/SOD 
H X/XO/C u*+ 
HX/XO/Fe3+ 

min-' 

0.117 
0.007 
0.002 
0.106 

HX (1.5 mM), XO (0.02 Unitdml), and DTPA (2.5 pM) were incu- 
bated at 37OC without further addition (standard system) or with superox- 
ide dismutase (SOD; 0.02 Unitdml), Cu*+ (10 p ~ )  or Fe3+-citrate 
(10 p ~ )  in the presence of ferricytochrome c (30 p ~ ) .  Ferricytochrome 
c reduction was measured as the rate of increase in absorbance at 550 nm 
(A550). 

mainly from 02'- generation as addition of SOD resulted 
in a 94% inhibition of the reaction (Table 1). While 
Fe3+-citrate had little effect on 02'- production by the 
HX/XO system, no 02'- could be detected in the 
presence of Cu2+ (Table 1). Uric acid production from HX 
(1.5 mM) by XO (0.02 Unitdml) was also measured, and 
occurred at an initid rate of 3.36 pM/min and 3.18 pM/min 
in the absence and presence of Fe3+-citrate (10 pM), re- 
spectively. No uric acid formation could be detected in the 
HX/XO/Cu2+ system, indicating that the enzyme was in- 
activated by Cu2+. 

No detectable HO'  were produced by the HX/XO sys- 
tem alone or in the presence of Cu2+. In contrast, the 
HX/XO/Fe3+-citrate system generated significant quanti- 
ties of HO' ,  which were effectively scavenged by 50 mM 
mannitol (Fig. 2). 

E 
C 

3.0 t 

i * HXIXO/Fe(lll) 

----a- HWXO/Fe(lll)/MTL 

- 
A - 

1 2 3 4 5 6 

Time (h) 
Fig. 2. Measurement of hydroxyl radical (HO') formation by the 
hypoxanthine (HX)/xanthine oxidase (XO) system in the absence and 
presence of metal ions. HX (1.5 mM) and XO (0.02 Units/ml) were in- 
cubated at 37°C with deoxyribose (4.0 mM) and DTPA (2.5 PM) in the 
absence or presence of either Cu2' or Fe3+-citrate (10 pM). Generation 
of HO' is reported as absorbance at 535 nm of the resulting thiobarbi- 
turic acid reactive substances, Fifty mM mannitol (MTL) was added to 
the standard HX/XO/Fe3'-citrate system to confirm that the observed 
increase in absorbance at 535 nm resulted from HO' formation. 
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Oxidative modification of LDL by the HX/XO system 
and Cup or Fe3+-citrate 

Incubation of LDL with the HX/XO system in the ab- 
sence of added metal ions did not result in oxidative 
modification of LDL (Table 2 and Fig. 3). However, a 
striking increase in relative electrophoretic mobility 
(REM) was observed when LDL was exposed to Cu2+, ir- 
respective of whether HX and/or XO were present during 
the incubation (Table 2 and Fig. 3). The increase in REM 
was preceded by rapid formation of LOOH as assessed by 
HPLC with chemiluminescence detection (Fig. 1B) or 
measurement of diene conjugation as absorbance at 
234 nm (data not shown). In contrast, Fe3+-citrate in- 
creased REM of LDL only in the presence of both HX 
and XO (Table 2 and Fig. 3), and the rate of lipid peroxi- 
dation was much slower in the presence of Fe$+-citrate 
than in the presence of Cu2+ (Fig. 1A; data for diene con- 
jugation not shown). Concentrations of TBARS were also 
measured as an indicator of lipid peroxidation and found 
to be 1.4 * 0.7, 35.9 * 1.8, and 20.3 * 2.8 nmollmg pro- 
tein (n = 3) after incubation of LDL for 24 h with 
HX/XO alone or in the additional presence of Cu2+ or 
FeS+-citrate, respectively; thus TBARS measurements 
were in good agreement with the data on REM. 

Although REM exhibited some inter-experimental var- 
iations, it was always significantly less for LDL incubated 
with HX/XO/Fe3+-citrate (1.9-3.3) than for LDL in- 
cubated with HX/XO/Cu2+ (5.8-8.1) (see Tables 2-4, and 
Figs. 3-4). Increasing the DTPA concentration in all in- 
cubations described in Table 2 from 2.5 pM to 25 pM 
completely inhibited LDL oxidation (REM = 1.0 for all 
incubations); addition of the metal ions to LDL 15 min 
before (to allow for maximal binding; see below) or after 
addition of DTPA (25 pM) produced the same result, i.e. 
REM = 1.0. Likewise, premixing the metal ions with a 
tenfold excess of EDTA (100 pM final concentration) com- 
pletely prevented LDL oxidation under all experimental 

+ 

TABLE 2. Relative electrophoretic mobility of human low density 
lipoprotein (LDL) incubated with the hypoxanthine (HX)/xanthine 

oxidase (XO) system without or with added metal ions 

Incubation - CU*' Fe" 

rehtive electrophoreiic mobiliiy 

LDL 1 .o 7.7 1.1 
LDWHX 1.2 7.6 1.2 
LDWXO 1.2 8.2 1.3 
LDUHWXO 1.2 8.1 3.3 

LDL (protein, 0.2 mg/ml) was incubated at 37OC for 24 h with HX 
(1.5 mM), XO (0.02 Unitslml) and DTPA (2.5 p ~ )  with no further ad- 
dition, or Cu2' (10 pM) or Fe3'-citrate (10 pM). Control incubations con- 
tained LDL alone, or LDL incubated with Cu2+ or FeS+-citrate in the 
absence of H X  and/or XO. Electrophoretic mobility was measured rela- 
tive to that of native LDL (4-5 mm) in 0.5% agarose gels after electropho- 
resis at 100 V for 30 mir? in 0.05 M barbital buffer, pH 8.6. Data were 
pooled from two independent experiments and varied by < 16%. 

1 2 a 4 5 . 7 .  - 

Fig. 3. Agarose gel electrophoresis of native LDL (lanes 1 and 8) and 
LDL incubated at 37OC for 24 h with hypoxanthine (HX, 1.5 mM), 
xanthine oxidase (XO, 0.02 Unitshl), and DTPA (2.5 p ~ )  with no fur- 
ther addition (lane 5) or Cuz' (10 p ~ ;  lane 6) or Fes'-citrate (10 p ~ ;  lane 
7). Control incubations without HX and XO contained LDL and OTPA 
(lane 2) with Cuz' (lane 3) or Fe'*'-citrate (lane 4). Samples were elec- 
trophoresed in 0.5% agarose gels at 100 V for 30 min in 0.05 M barbital 
buffer, pH 8.6. LDL bands were visualized by staining with Sudan 
Black B. 

conditions, in agreement with inhibition of endothelial 
cell-mediated oxidation of LDL by 50 pM EDTA (4). 
These data show that metal ions are strictly required for 
oxidative modification of LDL, and that the metal ions 
mediating oxidation of LDL are not tightly bound to the 
lipoprotein. 

Involvement of 02'-, H202, and aqueous HO' in metal 
ion-dependent LDL oxidation 

Incubation of LDL with SOD afforded complete pro- 
tection from oxidation mediated by HX/XO/Fe3+-citrate, 
and partial protection from HX/XO/Cu*+-induced oxida- 
tion (Fig. 4). SOD inhibited by sodium azide (10 mM) 

" 
HWXO HXlXOlC u ( I  I) HWXOlFe (I I I) 

Fig. 4. Effects of superoxide dismutase (SOD) and catalase (CAT) on 
relative electrophoretic mobility of human low density lipoprotein 
(LDL) incubated with the hypoxanthine (HX)/xanthine oxidase (XO) 
system without or with added metal ions. Experimental conditions were 
identical to those reported in the legend to Table 2 except that SOD or 
CAT (1000 Unitslml each) were added to the standard LDWHWXO in- 
cubation without or with metal ions. Data represent mean * standard 
deviation from three independent experiments. 

Lynch nnd Fm' Metal ions and oxidation of low density lipoprotein 1749 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


and CAT did not affect LDL oxidation bv either FeJ+- TABLE 4. Effect of metal ion binding to human low density 
citrate or Cu2+ and the HX/XO system (not shown, and 
Fig. 4, respectively). Heat-inactivated SOD promoted 
LDL oxidation (data not shown), most likely due to 
release of Cu2+ from the active site of the enzyme (25). 

The HO'  scavengers urea and mannitol (50 mM) failed 
to protect LDL from oxidation by either Cu2+ or 
Fe3+-citrate in the presence of HX and XO (Table 3), 
although mannitol very effectively scavenged HO'  gener- 
ated by the HX/XO/Fe3+-citrate system (Fig. 2). 
Thiourea (50 mM), the most effective HO'  scavenger 
used in this study, completely protected LDL from both 
Cu2+- and Fe3'-citrate-mediated shifts in REM (Table 3). 
Lipid peroxidation was also completely inhibited by thio- 
urea as no phospholipid or cholesteryl ester hydroperox- 
ides could be detected by HPLC with chemiluminescence 
detection (data not shown). However, thiourea also com- 
pletely inhibited XO activity as no uric acid was formed 
from HX (data not shown). 

Dependence of LDL oxidation on metal ion binding 

To investigate whether binding of metal ions to LDL in- 
creases its susceptibility to oxidation by the HX/XO sys- 
tem, we used incubation conditions shown previously to 
result in maximal binding of Cu2+ to LDL (33). Thus, 
LDL was preincubated with either 10 pM or 100 pM Cu2+ 
or Fes+-citrate for 15 min before removal of unbound or 
loosely associated metal ions from LDL by gel filtration. 
Regardless of the metal ion concentration used in the 
preincubation, similar results were obtained for the subse- 
quent incubation of LDL with the HX/XO system, and 
data from two experiments were pooled (Table 4). Prein- 
cubation of LDL with Cu*+ or FeS+-citrate resulted in no 
effect or only a marginally increased susceptibility of 
LDL to oxidation by the HX/XO system, respectively. 
Similarly, no effect was seen of preincubation conditions 
on HX/XO/Cu2+-mediated oxidation of LDL (Table 4). 

___.- -_  ~ ~- 
TABLE 3. Effect of hydroxyl radical (HO ) scavengers on relatlve 

electrophoretic mobility of human low density lipoprotein (LDL) 
incubated with the hypoxanthine (HX)/xanthine oxidase (XO) 

system without or with added metal ions 

HO Scavenger k" - CU?' Fe3+ 

relative electrophoretic mobilig 

- - 1 .o 6.0 3.1  
Urea <0.001 1.0 5 . 7  3.0 
Mannitol 2.7 1 . 1  6 .6  2.8 
Thiourea 4.7 1 .o 1.1 1 .o 

Experimental conditions were identical to those reported in the legend 
to Table 2 but with urea, mannitol, or thiourea (50 mM) added to the 
standard LDLIHXIXO incubation without or with metal ions. Data were 
pooled from at least two independent experiments for each incubation 
(<23% variation). 

"Second order rate constant for reaction with HO' (M-ls-1; x 10-9). 

lipoprotein (LDL) on relative electrophoretic mobility after 
incubation with the hypoxanthine (HX)/xanthinc 
oxidase (XO) system without or with metal ions 

Incubation (24 h) 
Preincubation 

FIXIXO/Fe3+ ( 1 5  min) HXIXO HX/XO/Cu=+ 

relative electrophoretic mobilig 

LDL 1.1 5.8 2.4 
LDL/Cu2' 1.0 5.7 3 . 2  
LDL/Fe3+ 1 .4  5.8 2.7 

LDL (protein, 0.6 mg/ml) was preincubated at 37'C for 15 min without 
or with either Cu2' or Fe3'-citrate (10 and 100 pM each). Unbound me- 
tal ions were removed from LDL preparations by gel filtration and the 
resulting LDL (protein, 0.2 mg/ml) was incubated at 37'C for 24 h with 
HX (1.5 mM), XO (0.02 Unidml), and DTPA (2.5 PM) without or with 
metal ions (see legend to Table 2). Results from two independent experi- 
ments using preincubations with Cu2' or Fe3+-citrate concentrations of 
10 pM and 100 pM yielded similar results (< 19% variation) and were 
pooled. 

LDL preincubated with Cu2+ was somewhat more sus- 
ceptible to subsequent oxidative modification by the 
HX/XO/Fe3+-citrate system than LDL preincubated with 
Fe3+-citrate or without metal ions (Table 4). 

DISCUSSION 

In the experiments reported here we have used the 
HX/XO system to investigate the molecular mechanism 
of metal ion-dependent oxidative modification of human 
LDL. XO in the presence of H X  generates 02'- and 
H202,  but no HO'  (this study, 43, 60). Addition of 
FeS+-citrate did not affect 02'- production by the HX/XO 
system and led to formation of substantial amounts of 
HO' ,  most likely via the Fenton reaction. In contrast, no 
02'- and HO'  could be detected when Cu2+ was added to 
the HX/XO system, because XO was inactivated by Cu2+. 
The latter explains why the results obtained in this study 
on Cut+-dependent oxidation of LDL were the same 
whether HX and XO were present or not. 

Remarkably, Cu2+ induced extensive oxidative modifi- 
cation of LDL even though no detectable amounts of pre- 
formed LOOH were present in our LDL preparations, 
and breakdown of preformed LOOH is thought to be the 
predominant mechanism by which Cu2+ stimulates oxida- 
tive modification of LDL (35-37). It may be that minute 
amounts of LOOH below the detection limit of our moni- 
toring assay (< 10 pmol/mg protein, Le., <0.005 mole- 
cules of LOOH per LDL particle) are sufficient to initiate 
a chain reaction of lipid peroxidation resulting from 
Cuz+-catalyzed breakdown of LOOH to reactive peroxyl 
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(LOO') and alkoxy1 (LO') radicals according to the 
scheme below. 

LOOH + Cu2+ + LOO. + H+ + Cu+ I33 

Cu+ + LOOH + LO' + -OH + Cu2' [41 

However, it has been suggested that the reduction of Cu2+ 
by LOOH (Reaction [3]) is not favored thermodynami- 
cally (36) and, therefore, the relevance of this reaction 
mechanism to Cu2+-induced LDL oxidation is not clear. 
Cu+, on the other hand, is highly reactive and readily 
reduces LOOH to alkoxy radicals (Reaction [4]). Perhaps 
some unidentified agent associated with LDL reduces 
Cu2+ to Cut. Indeed, we have observed that Cu2+ added 
to LDL is readily reduced to Cu+ (S. M. Lynch and 
B. Frei, unpublished results). 

Unlike the HX/XO/Cu2+ system, the HX/XO/Fe3+- 
citrate system generated substantial amounts of 0 2 ' -  and 
HO'. Furthermore, Fe3+-citrate-mediated oxidation of 
LDL occurred only in the presence of both HX and XO, 
in contrast to Cu2+-mediated oxidation. The lack of sig- 
nificant oxidative modification of LDL by Fe3+ alone at 
concentrations of < 10 FM is in agreement with published 
data (36). The complete inhibition of HX/XO/Fe3+- 
citrate-mediated LDL oxidation by SOD demonstrates 
the dependence of this reaction on 0 2 ' -  and suggests that 
HO' production by classical Fenton chemistry is involved 
(see Reactions [l] and [2]). However, aqueous HO'  do not 
appear to play an important role in LDL oxidation, as 
mannitol efficiently scavenged HO' generated by the 
HX/XO/FeS+-citrate system but did not inhibit oxidative 
modification of LDL by this system. These findings are 
consistent with the lack of an effect of mannitol on LDL 
oxidation mediated by arterial wall cells in culture (22-24, 
26), and the concept that Fe-citrate-dependent lipid 
peroxidation is not mediated by HO' (61). 

The strong inhibitory effect of the HO'  scavenger 
thiourea against oxidative modification of LDL mediated 
by HX/XO/Fe3+-citrate can be readily explained by in- 
activation of XO by thiourea, not HO'  scavenging. 
Further evidence against the Fenton reaction being im- 
portant for LDL oxidation is the finding that CAT did not 
inhibit HX/XO/Fe3+-citrate-dependent LDL oxidation, 
although H 2 0 2  is required for the Fenton reaction (Reac- 
tion [2]). Thus, 0 2 ' -  and Fe3+, but not H 2 0 2  or aqueous 
HO', are required for LDL oxidation. It may be that iron 
ion-oxygen complexes such as perfenyl (Fee02 - Fe3+02'-), 
ferry1 (FeO"), or Fe2+/Fe3+/02 complexes (30, 62) initiate 
lipid peroxidation in LDL. Hence, an Fe2+:Fe3+ complex 
may be the initiating species of lipid peroxidation, with 
0 2 ' -  functioning as a reductant of Fe3+ (Reaction [l]) 
(61-63). Likewise, a Cu+:Cu2+ complex may initiate LDL 
oxidation, with LDL acting as a Cu2+ reductant (see 
above). Interestingly, we have recently found that Fe3+- 

citrate, unlike Cu2+, is not reduced by incubation with 
LDL; only in the presence of the HWXO system is there 
formation of Fez+ from Fe3+ (S. M. Lynch and B. Frei, un- 
published results). 

The observations that SOD partially and thiourea com- 
pletely inhibited CuZ+-dependent LDL oxidation in the 
presence of H X  and XO is surprising as neither 0 2 ' -  nor 
HO'  were detected in the HX/XO/Cu2+ system. It is pos- 
sible that SOD and thiourea act as Cu2+-chelators, 
preventing the metal ion from participating in free radical 
reactions. Interestingly, it has recently been shown that 
SOD also partially inhibits LDL oxidation by Cu2+ alone 
(16, 64), and that this is most likely due to nonspecific 
binding of Cu2+ to SOD in a redox-inactive form (25, 64). 
Our observations that SOD, but not CAT, can inhibit 
metal ion-dependent LDL oxidation by the HWXO sys- 
tem are consistent with data on cell-mediated oxidation of 
LDL. It has been reported that oxidative modification of 
LDL by smooth muscle cells (22), monocytes (23), and 
endothelial cells (26) is inhibited by SOD, but not, or only 
partially (23), by CAT, although some studies have not 
been able to demonstrate a consistent and substantial in- 
hibitory effect of SOD on LDL oxidation mediated by 
endothelial cells (16) or macrophages (17, 24, 25). 

In summary, the results reported in this paper demon- 
strate that generation of 02.- and H202 at pH 7.4 does 
not lead to oxidative modification of LDL, consistent with 
previous findings (28). Our data also confirm the strict re- 
quirement of metal ions for LDL oxidation to occur. 
Fe3+-citrate-mediated oxidation of LDL is dependent 
upon 02'-, but requires neither H202 nor production of 
aqueous HO' by the Fenton reaction. CuZ+-mediated oxi- 
dation of LDL can occur without 02'- production and is 
also independent of H202 and aqueous HO'. Cu2+- and 
Fe3+-citrate-dependent LDL oxidation can take place in 
the absence of detectable amounts of preformed LOOH 
(CO.005 molecules of LOOH per LDL particle), and the 
metal ions mediating oxidation of LDL appear not to be 
tightly bound to the lipoprotein. The significance of Cu2+ 
and Fe3+ reduction and the redox ratio of the metal ions 
for the initiation of oxidative modification of LDL is cur- 
rently being investigated in our laboratory. 
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