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Abstract We have established a new method capable of 
measuring the very low concentrations of oxidized low den- 
sity lipoprotein (OxLDL). In our previous study, we obtained 
a novel murine monoclonal antibody against oxidized lipo- 
proteins (Itabe, H. et al. 1994.J. Bid.  C h a .  269 15274- 
15279). The epitope of this antibody resides in oxidized prod- 
ucts of phosphatidylcholine that can form complexes with 
polypeptides, including apolipoprotein B. When the mono- 
clonal antibody was precoated onto microtiter wells prior to 
carrying out a sandwich ELISA using an anti-human apolipo- 
protein B antibody, it was possible to detect 0.5 ng protein of 
copper-induced OxLDL. The detection of OxLDL was de- 
pendent on the presence of monoclonal antibody and was 
blocked by oxidized phosphatidylcholine (OxPC). Under the 
same sandwich ELISA condition, native LDL showed a dose- 
dependent increase of absorbance that was inhibited by com- 
plex of OxPC with BSA. These results suggest the possible 
occurrence of oxidative modification of human plasma LDL 
which is recognized by the antibody against OxPC. The level 
of LDL oxidation of normal human subjects was found to be 
0.52 f 0.35 units per 5 pg protein of LDL, where one unit was 
defined as the reactivity corresponding to 1 ng of copper-in- 
duced OxLDL by this assay. Furthermore, we found that the 
LDL oxidation level in patients who had been receiving 
hemodialysis treatment was increased more than eightfold 
over that of normal subjects. W We suggest that LDL in hu- 
man plasma is oxidatively modified under certain conditions 
and this method for measurement of OxLDL could be used 
to study the relationship between in vivo oxidation reaction 
and various pathological conditions.-Itabe, H., 
H. Yamamoto, T. Imanaka, K. Shimamura, H. Ucbiyama, 
J. Kimura, T. Sanaka, Y. Hata, and T. Takano. Sensitive 
detection of oxidatively modified low density lipoprotein us- 
ing a monoclonal antibody. J. Lipid &. 1996. 37: 45-53. 
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The involvement of lipid peroxidation in a number of 
pathophysiological conditions, such as atherosclerosis 
(1, Z), ischemia-induced cerebral injury (3, 4), chronic 

renal dysfunction (5 ,  6), and diabetes (7,8) has been well 
documented. In particular, oxidatively modified low 
density lipoprotein (LDL) has been shown to be in- 
volved in the initiation and promotion of atherosclerosis 
(9-1 1). Formation of lipid-laden foam cells from macro- 
phages has been demonstrated by incubating oxidized 
LDL (OxLDL) with macrophages in vitro (12, 13), while 
incubation with native LDL did not result in accumula- 
tion of lipid droplets. OxLDL also exhibited a number 
of cell biological activities including enhancement of 
interaction of leukocytes and endothelial cells (14, 15), 
inhibition of endothelial cell migration (16), and induc- 
tion of endothelin secretion from endothelial cells and 
macrophages (17, 18). 

OxLDL prepared with copper ion in vitro has been 
widely used as a model for modified LDL. Although its 
structure has not been fully characterized, LDL ex- 
tracted from atherosclerotic lesions has been shown to 
share many of the characteristics of copper-induced 
OxLDL (19). Monitoring OxLDL levels in human 
plasma would be very useful for studying atherogenesis 
and LDL metabolism as well as for diagnostic purposes. 
Unfortunately, it has been very difficult to measure low 
levels of oxidatively modified LDL in the presence of 
native LDL. However, a monoclonal antibody obtained 
in our previous study (20), FOHla/DLH3, showed good 
reactivity to OxLDL but did not react with chemically 
modified LDLs such as acetylated LDL or malondialde- 

Abbreviations: LDL, low density lipoprotein; OxLDL, oxidized low 
density lipoprotein; PC, phosphatidylcholine; OxPC, oxidized 
phosphatidylcholine; apoB, apolipoprotein B; LPDP, 
lipoproteindeficient plasma; BHT, butylhydroxytoluene; MDA. 
malondialdehyde; TBA, thiobarbituric acid; ALP, alkaline 
phosphatase; ELISA, enzyme-linked immunosorbent assay; BSA, 
bovine serum albumin; HSA, human serum albumin; PBS, 
phosphate-buffered saline; TBS, Tris-HCI-buffered saline. 
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hyde (MDAttreated LDL. In the present study we have 
used FOHla/DLH3 to develop a new sensitive method 
for measuring oxidative modification of human plasma 
LDL. We found a higher level of oxidation in the plasma 
LDL fraction from patients treated with hemodialysis 
than in plasma LDL from normal subjects. 

MATERIALS AND METHODS 

Materials 

Sheep anti-human apolipoprotein B (apoB) antibody 
(IgG fraction) was purchased from Binding Site Inc., 
Birmingham, UK. Alkaline phosphatase (ALP)-conju- 
gated goat anti-sheep IgG antibody, which was preabsor- 
bed with human, rat, bovine, and murine serum, was 
from Chemicon Co., Temecula, CA. Two types of BSA 
preparation (fraction V and fatty acid-free), HSA, bovine 
fibronectin, human fibrinogen, and 1-palmitoyl-2-li- 
noleoyl phosphatidylcholine were purchased from 
Sigma Chemical Co., St. Louis, MO. Vitronectin and 
p-nitrophenylphosphate were purchased from Wako 
Pure Chemical Co., Osaka, Japan. Type I collagen was 
purchased from Koken Co., Tokyo, Japan. 

Preparation of monoclonal antibody FOH la/DLH3 
The monoclonal antibody FOHla/DLH3 (murine 

IgM) was established as described previously (20). The 
antibody used in this study was prepared from ascites of 
mice that had received the corresponding hybridoma 
intraperitoneally. The ascites was centrifuged at 2,000 
rpm for 10 min to remove cells and debris, and immu- 
noglobulins in the supernatant were precipitated by 
adding ammonium sulfate up to 50% saturation. The 
precipitate was redissolved in a small volume of 10 mM 
borate buffer, pH 8.5, containing 150 mM NaCl, and the 
IgM was partially purified on a Toyopearl HW-65@ 
(Tosoh, Tokyo, Japan) gel filtration column chromatog- 
raphy. Nonimmune murine IgM was prepared from 
normal murine serum by the same procedure as for the 
monoclonal antibody. 

Preparation of OxLDL standard 
LDL was separated from human plasma by sodium 

bromide stepwise density gradient centrifugation (2 1). 
All sodium bromide stock solutions contained 150 mM 
sodium chloride and 0.25 mM EDTA. After centrifuga- 
tion, the fractions with a density of 1.019-1.063 g/ml 
were pooled as LDL. This LDL fraction was dialyzed 
against PBS containing 0.25 mM EDTA. When OxLDL 
was prepared, an aliquot of the LDL fraction was passed 
through a lODG@ desalting column (Bio-Rad) to re- 
move the EDTA, then the LDL (0.2 mg/ml, diluted in 
PBS) was incubated with 5 pM CuSO4 at 37°C for 3 h. 

The reaction was stopped by adding EDTA to a final 
concentration of 0.25 mM. The OxLDL prepared under 
these conditions showed an increase in relative mobility 
(1.8 _+ 0.2) on agarose gel electrophoresis and 56.7 f 9.7 
nmol of thiobarbituric acid (TBA) reactive substances 
per mg protein. 

Measurement of OxLDL 

Blood samples were obtained intravenously using 
EDTA as anticoagulant from healthy volunteers and 
patients receiving hemodialysis at Kimitsu Hospital, 
Chiba, Japan. The patients’ samples were taken after 
hemodialysis treatment. For measurement of oxidation 
of human plasma LDL, and LDL fraction was obtained 
by sequential centrifugation (22). PBS (250 pl) contain- 
ing 0.25 mM EDTA was layered on top of 750 p1 of 
plasma and the tubes were centrifuged at 100,000 rpm 
(550,000 g) for 7 min. The top 250 p1 of the sample was 
discarded to remove chylomicrons. A further 250 p1 of 
PBS containing 0.25 mM EDTA was layered onto the 
remaining 750 pl, and the samples were centrifuged at 
100,000 rpm for 2.5 h to float up VLDL. The top 250 p1 
was discarded again and 150 pl of 50 % (w/v) potassium 
bromide added to the remainder to give a mixture with 
a density of 1.063 g/ml. After a final centrifugation at 
100,000 rpm for 5 h, the top layer (200 p1) was recovered 
as the LDL fraction. The LDL fraction was dialyzed 
against PBS containing 0.25 mM EDTA before use. From 
750 pl of plasma amount of LDL recovered was ranging 
0.3 to 0.7 mg protein. 

One hundred microliters of diluted monoclonal anti- 
body FOHla/DLH3 (3 pg/ml in PBS) was incubated in 
each microtiter well (Flexible assay plate@, Falcon 3912) 
at room temperature for 2 h. After the antibody solution 
was discarded, the wells were filled with TBS containing 
1% BSA (fraction V) at room temperature for at least 2 
h. After the blocking solution was discarded, samples 
(human LDL fractions, 5 pg protein/well) or diluted 
standard OxLDL (0.05-20 nuwell) were applied to the 
well, and incubated at 4°C over night. Note that the wells 
were not washed with a buffer containing detergent 
before the sample was added to the antibody in this assay 
condition. The wells were then washed three times with 
TBS containing 0.05% Tween 20. The wells were incu- 
bated for 2 h at room temperature with 100 p1 of sheep 
anti-human apoB antibody solution (diluted 1:5000 in 
PBS). After washing the wells with TBS-Tween three 
times, 100 pl of ALP-conjugated goat anti-sheep IgG 
antibody (diluted 1:10,000 in TBS containing 2% skim 
milk) was added for another 2 h. The reactivity of ALP 
was finally measured by incubating with 100 pl of p-ni- 
trophenylphosphate (1 mg/ml, dissolved in 1 M 
triethanolamine buffer, pH 9.8) at 37°C for appropriate 
intervals and the absorbance was measured on an ELISA 
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plate reader (BieRad, model 2550). Each sample was 
run with a control well that was precoated with nonim- 
mune murine IgM (0.3 pg/well) instead of the mono- 
clonal antibody. The absorbance obtained with the sam- 
ples was corrected by subtracting the corresponding 
absorbance of the control wells. In each ELISA plate, 
various concentrations of standard OxLDL were run 
simultaneously to determine a standard curve. 

Preparation of oxidized PC 
Oxidized PC (OxPC) was prepared as described pre- 

viously (20). Briefly, 1-palmitoyl-2-linoleoyl PC was sus- 
pended in PBS (2 mM) after being dried under argon 
gas. Ascorbic acid and FeS04 were dissolved in distilled 
water just before use. The reaction mixture, containing 
0.4 mM PC, 0.4 mM ascorbic acid, and 40 pM FeS04 in 
PBS, was incubated at 37°C for 3 h under air with mild 
agitation. The reaction was stopped by addition of BHT 
(final 0.2 mM). 

Preparation of oxidized PGBSA complex 
Aqueous suspension of 1-palmitoyl-2-linoleoyl PC was 

oxidized by incubation with ascorbic acid and FeSO4 as 
described above but in the presence of BSA (0.2 
mg/ml). After the reaction was stopped by addition of 
BHT (final 0.2 mM), the reaction mixture was lyophil- 
ized. The residue redissolved in a small volume of water 
was filtered through a 0.45-pm cartridge before being 
subjected to gel permeation HPLC. The HPLC was 
performed with a column G-3000SWx~ (Tosoh, Tokyo, 
Japan), eluted with phosphate-buffered saline at 0.5 
ml/min. The peak corresponding to standard BSA was 
recovered and used as OxPC-BSA complex. 

Other methods 

Protein concentration was determined by the 
bicinchoninic acid (BCA) method (23). Cholesterol con- 
centration was measured by the cholesterol oxidase 
method (24). TBA reactive substance was measured by 
the method of Buege and Aust (25). Agarose gel electro- 
phoresis was performed by the method of Noble (26). 
The Ievel of phosphorous from PC was determined by 
the method of Zhou and Arthur (27). 

RESULTS 

Determination of OxLDL by a sandwich ELISA 
method 

When OxLDL was coated directly onto a plastic mi- 
crotiter well it was possible to detect down to 0.1 pg 
protein of OxLDL with the monoclonal antibody 
FOHla/DLH3. As only limited sample (approximately 
1 to 2 pg/well) can be absorbed onto microtiter wells, it 
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Fig. 1. Determination of OxLDL by a sandwich ELISA using the 
monoclonal antibody FOHldDLH3. Standard curve of the OxLDL 
determination showing the dose-dependent response, up to 10 ng, of 
OxLDL. OxLDL was prepared by incubating LDL with CuSOl at 37°C 
for 3 h. Microtiter wells were precoated with 0.3 pg of the monoclonal 
antibody FOHla/DLH3 (open circle) or nonimmune murine IgM 
(open triangle). After the unoccupied surfaces of the microtiter wells 
were blocked with BSA, 100 pl of various concentrations of OxLDL 
was added to the microtiter wells. OxLDL particles in samples that 
were trapped by the precoated monoclonal antibody \cere determined 
by anti-human apoB antibody (sheep IgC) together with ALPconju- 
gated anti-sheep IgC antibody (donkey 1s). Values obtained with the 
nonimmune IgM were subtracted from the corresponding values of 
the monoclonal antibody FOHldDLH3 (closed circle). Values are 
mean f standard deviation of three independent experiments. 

is difficult to detect the very low levels of OxLDL that 
are present in the plasma LDL fraction. However, the 
sandwich ELISA methodology offers increased sensitiv- 
ity as the precoated antibody binds OxLDL specifically, 
even in the presence of other components. 

Samples were added to the microtiter wells that had 
been precoated with the monoclonal antibody. After 
extensive washing, the remaining OxLDL was detected 
by an anti-human apoB polyclonal antibody together 
with an ALP-conjugated second antibody. The absor- 
bance was proportional to the amount of OxLDL, up to 
10 ng protein (Fig. 1). As little as 0.5 ng per well of 
OxLDL could be measured, a 100-fold increase in sen- 
sitivity over the direct ELISA method. When nonim- 
mune murine IgM was precoated instead of the mono- 
clonal antibody, almost no absorbance was observed. 
The high sensitivity was obtained because a single 
OxLDL particle attached to the precoated 
FOHla/DLH3 can bind a large number of anti-apoB 
polyclonal antibody molecules. 

The structures of the antigenic OxPC molecule(s) and 
other structures modified in OxLDL are as yet unclear. 
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Fig. 2. Inhibition by OxPC of the sandwich ELISA for the determi- 
nation of OxLDL. OxLDL (10 ng) mixed with various concentrations 
of PC analogs including 1-palmitoyl-2-linoleoyl PC (open circle; PC), 
oxidized 1-palmitoyl-2-linoleoyl PC (closed circle; OxPC), phospho- 
choline (open triangle; PhoCho) and glycerophosphocholine (open 
square; GPC) was added to the microtiter well precoated with the 
monoclonal antibody FOHla/DLH3. The sandwich ELISA was per- 
formed as described in the legend of Fig. 1. 

There is, therefore, no clearly defined standard for 
quantitative purposes. We decided to use copper-in- 
duced OxLDL prepared under a controlled condition 
as a standard material throughout this study. The extent 

of oxidative modification of LDL is dependent upon a 
number of factors, including the LDL/copper ratio (not 
on the copper concentration alone), remaining EDTA, 
temperature, and freshness of the copper solution. The 
OxLDL used in this study was prepared by incubating 
0.2 mg/ml of LDL with 5 pM of copper sulfate at 37°C 
for 3 h. The reproducibility of the standard curve in the 
assay using different preparations of OxLDL was very 
good (Fig. 1). OxLDL standards were run with each 
ELISA plate. 

To ensure the specificity of trapping of OxLDL by the 
monoclonal antibody, the effect of various PC analogs, 
including oxidized PC (OxPC) was investigated (Fig. 2). 
The epitope of the monoclonal antibody appeared to be 
OxPC product(s), and OxPC inhibited binding of the 
antibody to an OxPC-peptide complex used as a model 
antigen (20). Figure 2 shows that OxPC inhibited the 
binding of OxLDL to the monoclonal antibody, suggest- 
ing that the OxLDL in this sandwich ELISA was specifi- 
cally bound to the monoclonal antibody. 

In order to apply this method to the measurement of 
OxLDL in various samples, interference by other com- 
ponents of plasma and vessel wall was investigated. 
OxLDL (10 ng) was subjected to the ELISA assay in the 
presence of various proteins or complex sugars, includ- 
ing bovine and human albumins, globulin and fibrino- 
gen (Fig. 3). Even at concentrations up to 1000-fold 
greater than that of OxLDL in the well, these materials 
only produced small changes in the ELISA reactivity. 
This suggests that the small amount of contaminating 
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Fig. 3. Effect of various materials on the determination of OxLDL. OxLDL (10 ng) mixed with 1 pg (hatched 
bar) or 10 pg (shaded bar) of materials indicated under the abscissa was added to the microtiter well precoated 
with the monoclonal antibody FOHla/DLH3. Then the sandwich ELlSA was performed as described in the 
legend of Fig. 1. Values are mean f standard deviation of three experiments. BSA bovine serum albumin, HSA 
human serum albumin, FGN: fibrinogen, FN: fibronectin, VN: vitronectin, Hepa-S: heparan sulfate, Chondr-S: 
chondroitin sulfate. 
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Fig. 4. Reactivity of native LDL from healthy subjects as determined 
by the sandwich ELISA. Microtiter wells were precoated with the 
monoclonal antibody FOHla/DLH3 (closed circle) or nonimmune 
murine IgM (open circle). To these wells 1 to 30 pg protein of LDL 
was added and the assay was carried out as described in the legend of 
Fig. 1. Values are mean f standard deviation of four individual 
samples. One unit of oxidation level represents the reactivity equal to 
1 ng of standard OxLDL. 

proteins from plasma or vessel walls would have little 
effect on the assay. 

Measurement of human plasma LDL oxidation levels 

In the sandwich ELISA assay, when large amounts of 
native LDL from healthy subjects were added to mi- 
crotiter wells instead of OxLDL, the absorbance in- 
creased in a dosedependent manner up to 15 pg (Fig. 
4). Some absorbance was also observed when nonim- 
mune murine IgM was precoated onto the microtiter 
wells instead of FOHla/DLH3. As micrograms of LDL 
were charged to the wells, a very small amount of LDL 
may bind to murine IgM or  the surface of plastic plates 
nonspecifically. It may also be due to some minor com- 
ponents of the LDL preparations. Therefore, parallel 
measurements of LDL oxidation levels were made using 
FOHla/DLH3 and nonimmune murine IgM for each 
sample and the total value was corrected to compensate 
for the absorbance due to the nonspecific reaction. 
There was significant reactivity in native LDL even after 
subtracting the background with nonimmune IgM, sug- 
gesting that the native LDL fraction might contain a low 
level of LDL oxidation. The reactivity was not changed 
after the native LDL fraction and the original plasma 
were stored in refrigerator for a week in the presence 
of EDTA (data not shown). 

1-Palmitoyl-2-linoleoyl PC oxidized by ferrous ion and 
ascorbate in the presence of BSA was subjected to a 
G3000SWx~ gel permeation HPLC column to separate 
OxPC-BSA complex from free OxPC molecules and 
remaining PC liposomes (Fig. 5A). When aliquots of this 
OxPC-BSA complex fraction were added to the sand- 
wich ELISA, the reactivity of LDL was inhibited; un- 
treated BSA was not inhibitory (Fig. 5B). This result 
suggests that the reactivity in native LDL was obtained 
through the specificity of FOHla/DLH3. Addition of 
OxPC to native LDL, however, greatly increased the 
response (data not shown). It is very likely that associa- 
tion of OxPC molecules with LDL particles, either by 
chemical modification on apoB protein or by transfer- 
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Fig. 5. Inhibition of the reactivity in normal plasma LDL fraction by 
OxPGBSA complex. (A) 1-Palmitoyl-2-linoleoyl PC was incubated with 
ascorbic acid and FeSO, in the presence of BSA (0.2 mg/ml) at 37'C 
for 3 h. The reaction mixture was subjected to a G~OOOSWXL gel 
permeation HPLC column. The absorbance at 220 nm was monitored. 
The peak corresponding to that of BSA standard was recovered. 
Arrows indicate the void volume and the peak of BSA respectively. (B) 
OxPGBSA (3 pg) was added to the microtiter well precoated with the 
monoclonal antibody FOHla/DLH3. Subsequently, 10 pl of LDL (20 
pg) was added to the well. The sandwich ELSA was performed as 
described in the legend of Fig. 1. Values are mean f standard deviation 
of four experiments. 
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TABLE 1. Plasma LDL oxidation levels in normal, hyperlipidemic, 
and hemodialvtic subjects 

Normal Hemodialysis 
(n = 9) 

Age, Y‘ 29.3 It 4.9 57.7 f 12.2 
LDL oxidation level, 

units/5 pg LDL protein 0.52 f 0.35 4.19 f 2.59 
Total plasma cholesteroi, mg/d 165 f 34 165 t 61 

(n = 16) 

LDL oxidation levels and total cholesterol of normal and hemodia- 
lytic patients plasma were determined as described in Materials and 
Methods. Briefly, after the LDL fraction was separated from each 
plasma, LDL (5 pg/well) was added to microtiter wells precoated with 
the monoclonal antibody or nonimmune murine IgM. One unit of 
LDL oxidation level represents the reactivity corresponding to 1 ng 
of standard OxLDL. Values are mean It standard deviations. 

ring to lipophilic atmosphere of LDL, forms antigenic 
OxPC-LDL complex. 

We applied this method for the measurement of 
oxidation levels in LDL fractions to both normal sub- 
jects and hemodialytic patients (Table 1). We decided 
to measure the reactivity in 5 pg protein of LDL from 
each subject so that the results could be directly com- 
pared under the same assay conditions. The results were 
expressed as “LDL oxidation level” using an oxidation 
unit that was defined as the reactivity equal to 1 ng of 
copper-induced OxLDL standard. The mean and stand- 
ard deviation of the oxidation level in 5 pg protein of 
LDL from normal subjects was 0.52 f 0.35 units (n = 9). 
Surprisingly, the LDL oxidation level of the patients 
receiving hemodialysis was 4.19 k 2.59 units (n = 16), 

about eightfold higher than in normal plasma. There 
was no significant difference between total plasma cho- 
lesterol levels of the patients and normal subjects. Hepa- 
rin, which was injected into the patients during 
hemodialysis, did not affect the recovery of OxLDL in 
the sandwich ELISA, up to 1 IU/well (data not shown). 

After human plasma was ultracentrifuged on a NaBr 
density gradient, lipoprotein-deficient plasma (LPDP) 
was recovered from the bottom fractions of density 
y1.22 g/ml. When aliquots of plasma and LPDP frac- 
tions were subjected to the sandwich ELISA, significant 
absorbance was observed (Fig. 6).  The volumes of LDL 
and LPDP fractions recovered from 10 ml of plasma 
were 7 ml and 14 ml, respectively. These samples were 
diluted by this ratio so that each set of sample should be 
equivalent to 5 l g  of LDL. The reactivity found in LPDP 
seemed to be apoB-independent, as almost the same 
reactivity was observed without the anti-apoB antibody. 
Furthermore, the reactivity varied extremely among 
donors. Although, as yet, we do not know what the 
reactive materials in LPDP are, this nonspecific reaction 
may be caused by ALP activities in plasma or by un- 
known components causing linkage of the monoclonal 
antibody and the ALP-conjugated second antibody. The 
reactivity in plasma was partially reduced by omitting 
anti-apoB antibody from the procedure. As the reactivity 
in the LDL fractions was certainly dependent on the 
presence of anti-apoB antibody, we decided to use the 
LDL fraction rather than whole plasma to measure LDL 
oxidation levels. 

Without anti-apo8 Ab 
Complete 

Sample #1 LDL 

Plasma LPDP w 
L Sample #2 LDL 

Plasma 

Lpop I===- 
Plasma LPDP 1 

0.0 0.5 1 .o 1.5 2.0 2.5 

Oxidation level (unit) 
Fig. 6. Comparison of the reactivities in native LDL, LPDP, and whole plasma from healthy subjects as 
determined by the sandwich ELISA. To the microtiter wells precoated with the monoclonal antibody 
FOHla/DLH3 or nonimmune murine IgM, LDL (5 pg) as well as the equivalent amount of LPDP and plasma 
from four healthy subjects were added. The assay was carried out with (closed bar) or without (open bar) 
incubating with anti-apoB antibody. Results were expressed as oxidation units in the samples. 
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DISCUSSION 

In this study we have developed a new method to 
measure very low concentrations of OxLDL using an 
anti-OxLDL monoclonal antibody. As little as 0.5 ng of 
copper-induced OxLDL was detected by introducing a 
sandwich ELISA procedure, and this increase in sensitiv- 
ity enabled us to detect very low levels of LDL oxidation 
present in the native LDL fraction of human plasma. 

OxLDL has been implicated in the initiation and 
promotion of atherosclerosis (9-1 1). Lipid-laden foam 
cells were formed from macrophages by taking up 
OxLDL through several receptors (12, 13, 28, 29). 
OxLDL also showed various pathophysiological activi- 
ties, including enhancement of interaction between leu- 
kocytes and endothelial cells (14-18). The relationship 
between atherogenicity and oxidative modification of 
LDL has been recognized for some time. A number of 
investigators have measured TBA reactive substances in 
plasma and lipid hydroperoxides using HPLC; although 
these methods suggest lipid peroxidation they do not 
measure the formation of oxidatively modified LDL 
directly. 

The specificity of the assay used in this study is largely 
due to the specificity of the monoclonal antibody 
FOHla/DLH3 (20). This antibody does not react with 
native, acetylated, or malondialdehyde-treated LDL. 
The epitope of the antibody was shown to be OxPC 
product(s) that form complexes with apoB protein of 
the LDL particle. Further study on the isolation and 
structural analysis of this compound(s) is currently being 
carried out. 

Choice of an appropriate standard material is very 
important to ensure a reproducible assay. We used 
copper-induced OxLDL prepared under controlled con- 
ditions as a standard, as there is as yet no good estab- 
lished standard. It is vey  important to control the 
conditions under which OxLDL is prepared. When the 
structure of this antibody’s epitope (OxPC products) is 
eventually clarified, it may be important to use the 
antigenic OxPC molecule(s) or their derivatives as stand- 
ards and hence ensure the quantitativeness of the 
method. 

OxLDL is a mixture of very heterogeneous products 
of lipoprotein modification. An LDL particle can be 
modified in a variety of ways, with the production of 
OxPC being one of those. The antigenic materials de- 
tected by this method are defined as apoB-containing 
particles associated with OxPC. It should be noted that 
it is difficult to express quantitatively the amount of 
oxidatively modified LDL in human plasma LDL frac- 
tions because the reactivities of an OxLDL particle in 
this assay would be affected by the degree of apoB and 
the number of OxPC molecules associated to apoB 

protein. In this study we decided to represent the results 
using an oxidation unit by comparing with the reactivity 
of the standard OxLDL to the antibodies. 

The determinant of this new method is not only 
unique but also pathologically interesting, as the mono- 
clonal antibody detected macrophagederived foam cells 
in human atherosclerotic lesions but antigen was not 
observed in the extracellular space of these foam cells 
(20). MDAconjugated LDL and 4hydroxynonenal-con- 
jugated LDL have been cited in a number of previous 
studies as examples of oxidatively modified LDL. They 
have been detected immunologically in atherosclerotic 
lesions of WHHL aortas, although the localization of the 
antigens within the lesions seemed diffuse in some cases 
(10, 30,31). 

It is noteworthy that it would be easy to adapt this 
method to determine other oxidized lipoproteins or 
oxidatively modified components by replacing the anti- 
apoB antibody with other antibodies. 

Very recently Kotani et al. (32) reported a sandwich 
ELISA method to determine MDA-LDL using two 
monoclonal antibodies against MDA and human apoB. 
They detected high levels of MDA-LDL (17.1-50.2 
lg/ml) in healthy human sera. Because our monoclonal 
antibody FOHla/DLH3 does not react with MDA-LDL 
at all (20), the activity we detected was different from 
MDA-LDL. It is possible that MDA-LDL may be present 
in human blood at a higher concentration than OxPC- 
modified LDL. 

While measuring plasma LDL oxidation levels, it is 
important to keep in mind possible interference by 
other components of plasma. When lipoproteindefi- 
cient plasma was subjected to the assay, we observed a 
small, but significant, absorbance (Fig. 6). This activity 
was independent of anti-apoB antibody, suggesting that 
some unknown components interacted with the immu- 
noglobulins. The LDL oxidation levels in plasma might 
be directly measured by taking the difference between 
its reactivities in the presence and absence of the anti- 
apoB antibody. The apoB-dependent absorbance ob- 
tained for diluted plasma, however, did not show good 
correlation to that of the corresponding LDL. For this 
reason we considered it better to separate the LDL 
fraction from plasma before carrying out the assay in 
this study. Even the LDL fraction seemed to show some 
interference by nonspecific interaction, as some back- 
ground absorbance was observed using nonimmune 
IgM instead of FOHla/DLH3 (Fig. 4). It is therefore 
necessary to correct for this by subtracting the nonspe- 
cific absorbance of nonimmune IgM from the value of 
FOHla/DLH3. It would certainly be useful if the oxida- 
tion levels in plasma could be measured without sepa- 
rating LDL, although further experiments are needed 
to elucidate a reliable assay procedure for this. 
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The level of OxLDL detected in LDL from hemodia- 
lysis patients was much higher than that of normal 
subjects. This observation suggests three points of inter- 
est. First, this method is sensitive enough to detect 
changes in LDL oxidation levels in human plasma, 
enabling it to be used with human samples. 

Second, under some clinical conditions LDL is oxi- 
dized and the modified LDL is present in circulating 
blood. The LDL oxidation level detected in normal 
subjects was 0.52 k 0.35 units/5 pg protein of LDL. It 
has been postulated that the oxidative modification of 
LDL takes place in the vessel wall (7), although the 
mechanism of LDL oxidation in vivo is not yet clear. Our 
present data, however, raise an alternative possibility 
that OxLDL may, at least in part, be generated or 
released in circulating blood. Recently autoantibodies 
to MDA-LDL were detected frequently in healthy hu- 
man sera (33, 34). Detection of MDA-LDL in human 
serum by a sandwich ELISA was also reported (32). 
These observations also support the possible presence 
of oxidatively modified LDL in blood flow. 

Third, renal dysfunction may be related to in vivo 
oxidation of LDL. In this study we did not obtain 
sufficient data to elucidate the effects of various factors 
such as age, complications, and types of hemodialysis 
membranes on the LDL oxidation level. We also do not 
know why the hemodialysis patients had increased 
plasma LDL oxidation levels. It is, however, well known 
that hyperlipidemia often accompanies renal diseases 
(6). Lipid-laden cells, similar to the foam cells in 
atherosclerotic lesions, have been observed in glomeruli 
in experimental nephrotic animals (35, 36). Materials 
related to oxidized fatty acids were also detected in the 
glomerulosclerotic lesions (36), although the mecha- 
nism for foam cell formation in glomeruli has not been 
clarified. Increased levels of TBA reactive substances in 
plasma of patients treated with maintenance hemodia- 
lysis have been observed (37). Recently it was reported 
that LDL from these patients showed a longer lag time 
against copper-induced oxidation and a higher UV ab- 
sorbance for conjugated dienes than normal LDL (38), 
suggesting that the patients’ LDL had already been 
significantly oxidized. Another possibility is that the 
hemodialysis treatment itself might cause oxidative 
modification of LDL through activation of neutrophils 
by contact with dialysis membranes (39, 40). However, 
it is still controversial whether the activation of neutro- 
phils during hemodialysis results in lipid peroxidation 
in plasma (39). 
Further study is certainly necessary to investigate the 
pathophysiological significance of OxLDL. Our new 
method would be a useful tool to investigate the involve- 
ment of OxLDL in certain pathological conditions and 
may have diagnostic implications as wel1.l 
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